Aminoiminate metal complexes : novel catalysts for alpha-olefin polymerizations. by Jin, Xin,
University of Massachusetts Amherst
ScholarWorks@UMass Amherst
Doctoral Dissertations 1896 - February 2014
1-1-2000
Aminoiminate metal complexes : novel catalysts for
alpha-olefin polymerizations.
Xin, Jin
University of Massachusetts Amherst
Follow this and additional works at: https://scholarworks.umass.edu/dissertations_1
This Open Access Dissertation is brought to you for free and open access by ScholarWorks@UMass Amherst. It has been accepted for inclusion in
Doctoral Dissertations 1896 - February 2014 by an authorized administrator of ScholarWorks@UMass Amherst. For more information, please contact
scholarworks@library.umass.edu.
Recommended Citation
Jin, Xin,, "Aminoiminate metal complexes : novel catalysts for alpha-olefin polymerizations." (2000). Doctoral Dissertations 1896 -
February 2014. 1012.
https://scholarworks.umass.edu/dissertations_1/1012

AMINOIMINATE METAL COMPLEXES: NOVEL CATALYSTS FOR
ALPHA-OLEFIN POLYMERIZATIONS
A Dissertation Presented
by
XIN JIN
Submitted to the Graduate School of the
University of Massachusetts Amherst in partial fulfillment
of the requirements for the degree of
DOCTOR OF PHILOSOPHY
September 2000 ,
Polymer Science and Engineering Department
© Copyright by Xin Jin 2000
All Rights Reserved
AMINOIMINATE METAL COMPLEXES: NOVEL CATALYSTS FOR
ALPHA-OLEFIN POLYMERIZATIONS
A Dissertation Presented
by
XIN JIN
roved as_t
^el^^No^
0 Sty:
u
e and cor ent by:
n' mA-—
—
JacqueH^erTSneTMember
Richard J. Farris, Department Head
Polymer Science and Engineering
DEDICATION
To my family.
ACKNOWLEDGMENTS
At this exciting moment, I like to take the opportunity to thank so many people
who helped and supported me along the journey to achieve this goal. Without them, my
accomplishments would have been impossible.
Dr. Bruce Novak has been a great advisor who is creative and enthusiastic toward
the research on polymer science. He provided us a perfect research environment. While
giving thoughtful and patient guidance in last five years, he always encouraged me to
solve the research problems in my own way. Although it has been difficult to discuss
with him face to face since he started his new career in North Carolina State University,
he always gave me his best advice and creative suggestions as soon as possible. In
addition to the polymer research, he let me learn a great deal of presentation and writing
skills, which are invaluable in my Ph.D. training. I feel very luck to have him as my
advisor.
We have an excellent research group. I am grateful for the good times we shared
together. When I first joined the Novak group, Jeff Cafmeyer, my lab mentor, and Scott
Charles, my labmate, trained me how to use the equipment in our group and how to
handle the air sensitive reactions. Greg Schueneman and Yoko Aoyama were good
friends, who kept my research work enjoyable. In addition, I really appreciated the help
from other group members, Jennifer Stewart, David Schlitzer, Rick Larson, Young-Je
Kwark, Amy Heintz, Matt Dunbar and Jennifer David.
V
The Polymer Science and Engineering Department is a wonderful place to study
polymer science. All of the faculties, students and staffs are very friendly and supportiv
I had so many wonderful memories in this blue building and wish it a more brilliant
future.
I would like to thank my family the most. Along the way I grow up, I have
obtained endless support, care and love from my Dad, Mom, granddad, grandma and
brother. They encouraged me to pursue my life goal and cheered every little progress I
had ever made. Without their support and love, my life would be totally different.
Finally, I own many thanks to my dear wife, Yuanqiao. She has been my best classmate
and best friend since our college years. We have shared so many brilliant times together
and look forward to having many more along our life journey. Together with her, life is
so wonderful.
vi
ABSTRACT
AMINOIMINATE METAL COMPLEXES: NOVEL CATALYSTS FOR
ALPHA-OLEFIN POLYMERIZATIONS
SEPTEMBER 2000
XIN JIN, B.ENG., TSINGHUA UNIVERSITY, CHINA
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by; Professor Bruce M. Novak
Two series of aminoiminate compounds, the aminotroponimines (ATI) and the p-
iminoamines (p-IAM), were synthesized and used for the design of new catalysts for a-
olefin polymerizations. The obtained aminoiminate complexes of titanium and zirconium
were found to be highly active catalysts for ethylene polymerization. In contrast, the
amimoiminate palladium complexes were inactive in ethylene polymerization.
A novel and simple route has been developed to prepare a series of N,N'-dialkyl-
aminotroponimine compounds and one (3-iminoamine compound, N,N'-diphenyl-P-IAM.
During the titanium metallation of a bulky N,N'-di(2,6-diisopropylphenyl)-P-IAM
compound, the (3-IAM was found to be dimerized to produce a potential ligand for the
dimetallic complex.
A series of P-IAM-Zr complexes were successfully synthesized through simple
reactions between deprotonated b-IAM and ZrCl4«2THF. The ATI-Zr, ATI-Ti and p-
lAM-Ti complexes were obtained from the amine elimination reaction of dimethylamino
vii
lexes
metal complexes with the aminoimine compounds. The P-IAM palladium compl
were prepared through the reactions between deprotonated P-IAM and (COD)Pd(Me)Cl
A Full structure analysis of a (3-IAM-Zr complex was achieved through X-ray analysis.
Activated by methyl aluminoxane, all of the aminoiminate titanium and zirconium
complexes are active catalysts. The activity of the ATI-Zr complex is close to that of the
p-IAM-Zr complexes and the p-IAM titanium catalysts are more active than their
zirconium analogues. The molecular weight distribution of polyethylene from
aminoiminate Zr complexes is trimodal. In contrast, the polymer from titanium catalyst is
close to a single mode distribution. Steric factors appear to be the over-ridding criteria in
determining both of the activities of the p-IAM-Zr catalysts and molecular weight
distribution of the obtained polyethylene. The steric crowding of the ligands decreases
the polymerization activities and increases the molecular weight dispersities.
The P-IAM zirconium catalysts are very stable and maintain constant activities
during polymerization for long time periods. Polymerization temperature, solvents and
catalyst/cocatalyst ratio strongly affect the polymerization activities of zirconium and
titanium catalysts. The NMR and DSC studies indicate that chain-transfer to aluminum is
the predominant chain termination reaction. The P-IAM Zr and Ti complexes are also
active for propylene and 1-hexene polymerization; however, the activities are much lower
than ethylene polymerization.
viii
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CHAPTER 1
INTRODUCTION: RECENT DEVELOPMENT OF NON-METALLOCENE
CATALYSTS FOR OLEFIN POLYMERIZATION
1 . 1 Overview
Over the last fifty years, polymer science and engineering have been developed to
such a level that they play very important roles in modern material science and
technology. Globe production of polymers is around 180 million tons annually. 1 Large
fractions of the huge volume of synthetic polymers belong to one simple category:
polyolefins. Polyethylene, polypropylene and polymers of other alkenes constitute the
polyolefin family. Nowadays, over 50% of the polymers produced annually are
polyolefins. 1 '2
The reasons for the enormous amount of polyolefin production and consumption
are: a) olefins are cheap and easily available from crude oil processes; b) most of olefin
polymerization processes are simple and low energy demand; c) polyolefins with
different microstructure and tacticity have wide range and combination properties and
broad applications; d) they only contain carbon and hydrogen and can be recycled and
reused. For more than fifty years, the research of olefin polymerization continues to be
one of the hottest areas in polymer sciences.
1
1 .2 History of Polyolefins
In 1933, the first commercial polyolefin, low-density polyethylene (LDPE), was
discovered accidentally by E. Fawcett and R. Gibson.3,4 They attempted to let ethylene
react with benzaldehyde at 2000 atm and 170 °C; however, the only product was some
white coating on the autoclave, instead of product that they expected. Later, they
identified that the product is polyethylene. It was found that the polyethylene obtained
(LDPE) was formed through a radical polymerization initiated by oxygen. LDPE was
then commercialized several years later. LDPE exhibits good insulating properties,
mechanical strength and processability, and was used as insulation for the coaxial cable
in radar during World War II. Although more and more polyethylene is produced using
coordination polymerization catalysts, LDPE from radical process still accounts for about
30% of the whole production of polyethylene.'
The discovery in the early 1950s of a-olefin polymerization by heterogeneous
Ziegler-Natta catalysts was a milestone for both organometallic and polymer chemistry.
Ziegler's invention of transition metal catalysts for ethylene polymerization and Natta's
discovery of stereoselective polymerization of invoked a revolution in polymer
industry.-''"^ Since then, there have been intense interests in the application of early
transition metal catalysts for olefin polymerization and the production of polyolefins has
developed explosively. In 1997, global production of polyolefins reached 150 billion
pounds.^ It is predicted that the market for polyolefins will grow substantially in the
next several years.'
2
1
.3 Heterogeneous Ziegler-Natta Catalysts
The classical Ziegler-Natta catalysts are combinations of transition and Group I-
III metal components. Forty years after the discovery, modern MgCl2-supported Ziegler-
Natta catalysts are tremendously active and highly stereoselective for a-olefin
polymerization. Most high density polyethylene (HOPE), linear low density
polyethylene (LLDPE) and polypropylene are made through Ziegler-Natta catalysts,
except for low density polyethylene. However, the polymerization mechanisms of
Zielger-Natta catalysts are still not clear and their evolution is basically through an
empirical approach, because the catalysts are heterogeneous systems.
The driving forces behind the development of new polyolefin catalysts include
understanding the polymerization mechanisms, broadening the properties of polyolefins
and controlling the polymerization process feasibly. Current studies on homogeneous
catalysts are gaining ground in these areas.
1 .4 From Metallocene to Non-metallocene Catalysts
Sinn and Kaminsky first reported that Cp2ZrMe2, activated by methyl
aluminoxane (MAO), is a highly active homogeneous catalyst not only for ethylene but
also for propylene and higher olefins.^.lO Since then, considerable efforts directed at the
design and synthesis of homogeneous and well-defined catalysts for olefin
polymerization have been conducted. The majority of such catalysts are based on early
transition metal compounds with at least one cyclopentadienyl (Cp) ring.^-' I
3
It should be mentioned that cocatalysts are important for the high activities of
metallocenes in olefin polymerizations. MAO is a commonly used cocatalyst, although
its structure is complex and not completely known.l2-l5 Made through the hydrolysis of
trimethyl aluminum, MAO has two major functions during polymerization .2 One is the
activation of metallocene catalysts through alkylation and extraction of methyl group to
generate the cationic active center Cp2M(CH3)^ (Scheme 1.1). The other is the
reactivation of inactive complexes of the type M-CH2-AI formed by hydrogen transfer
reaction. Through ligand exchange reaction between M-CH2-AI and MAO, AI-CH2-AI
and active Zr-CH3 are formed. This is one reason why excess of MAO is needed to reach
a satisfactory activity. Several borate compounds can be used as cocatalysts as well, e.g.
B(C6F5)3,[Ph3C][ B(C6F5)4] and[NHMe2Ph][ B(C6F5)4].
P MAO /Me MAO /Me
CppM ^ CpoM CppM
\ \ \
CI CI Me
MAO /Me @^Me
=^ CP2M =^ CP2M\
Me-AI(MAO)
Scheme 1.1 Activation of metallocene by MAO.
©
Me-AI(MAO)
Studies of metallocene-based catalysts have resulted in (a) an increased
understanding of olefin polymerization mechanisms; (b) the development of new
4
polyolefin materials; and (c) the improved control of the stereo structure, sequence
distribution in copolymers and molecular weight of polyolefins .2.16
In recent several years, there are tremendous advances in the design of
homogeneous catalysts for olefin polymerizations. Scientists have found that many series
of organometallic complexes are active catalysts for olefin polymerization. The complex
centers can be metals from Group 3 to Group 10, and even Group 13 metals. 17 The vast
majority of the research on early transition metal catalysts has been focused on Group 4
complexes, and these will be discussed in the next section.
1
.5 Recent Research on Early Transition Metal Catalysts
There has been increased interest in non-Cp ligand systems recently, because
many novel ligands are easier to make than cyclopentadienyl derivatives, and they offer
the potential of producing some novel types of polyolefins. Complexes with chelating
dialkoxide^8-20
,
diamide21-25 and aminoimine ligands26-36 show promise as alternative
homogeneous polyolefin catalysts.
1 .5. 1 Complexes with dialkoxide ligands
Several groups have reported dialkoxide ligands as components in polymerization
catalysts. Schaverien studied several chelating phenoxide titanium and zirconium
complexes (1 and 2). They claimed that these complexes are active for ethylene
polymerization, and complex 1, with a methylene bridge, are more active than complex
5
2.37 okuda group reported that the titanium complexes of ethyiene-bridged
bis(phenolate) (3) are active toward ethylene and syndiospecific styrene polymerizations,
as well as the copolymerization of ethylene and styrene.'^ Kakugo and coworkers used
the MAO-activated Ti(tbmp)Cl2 (tbmp=2,2'-thiobis(6-tert-butyl-4-methylphenolato)) (4)
to copolymerize ethylene and styrene to obtain an alternating copolymer.20 It was found
that the extra donor, sulfur, is important in increasing the polymerization activity,
because the sulfur-titanium interaction can stabilize the active catalytic species.3H39
There is one example of a catalyst with a monoalkoxide ligand (5). This titanium
complex was used for the copolymerization of ethylene and styrene, although no
copolymer was isolated, but only mixtures of polyethylene and polystyrene.40
MeO
C(CH3)3
^/--^J^^^QCH 3)3
M=TiandZr
C(CH3)3
MeO C(CH3);
C(CH3)3
^
^^C(CH3)3
\^--''%/C(CH 3)3
O
/ ^-
O X
C(CH3)3
6
1.5.2 Complexes with diamide ligands
McConville and coworkers reported the first example of a "living" olefin
polymerization at room temperature.22 Using the propylene-bridged aryl-substituted
diamido titanium complexes 6, activated by a borate compound, 1-hexene was
polymerized with a narrow molecular weight distribution. They claimed that this
polymerization appears to have no chain transfer or termination reactions over several
hours. Schrock reported that the zirconium complex 7 with tridentate diamido ligands
also promotes the living polymerizations of 1 -hexene.25 As the polydispersities of the
polymers were very narrow and the molecular weights increased linearly with the
monomer employed, it appears that the polymerization is living under the reported
conditions. Schrock demonstrated that by design, the Group 4 catalysts containing
diamide ligands can be highly active, but much more stable than metallocene catalysts,
with respect to P-elimination and consequent chain transfer.
Gibson et al. found that complex 8, the silicon analogue of complex 6, is also
highly active, although less activity than 6.41 In contrast, the activities of complex 9 is
7
very low 42 but the silicon analogue, complex 10 is considerably more active. It is
hypothesized that the stabilizing effect of silicon in complex 10 is due to an overall
stabilizing effect and a lowing of electron density on the metal center. Diamido
complexes 11 and 12 were studied by Cloke43 and Bochmann group44 respectively, and
where shown to be moderately active in polymerization.
Additional diamide ligands with extra donors were also reported. It was found
that both complexes 1345 and 1444 adopt a planar coordination mode, while complex 15
has a trigonal coordination mode.46 The ziconium complex of 13 is much more active
than complexes 14 and 15; however, its titanium analogue shows only very low
activities.47 The conclusion reached was that the extra donor group should be at the
right position in order to afford highly active catalysts.
8
Besides the diamido complexes, it is worlli menlioning lhal a lew nionodenlate
amide iigands were reported, e.g., I6.4H These complexes featured trimcthylsilyl and/or
bulky aryl groups on the nitrogen and their polymerization activities arc generally much
lower than the complexes with diamide Iigands.
Cy
MepSI—
N
/ \
O—^ZrXp
\ /
Me2Si—
N
Cy
13 14
SiMe3
N Ar
\
MegSi-N— ZrX2
MeaSis, /
N N
SIMea Ar
15 16
1.5.3 Complexes with aminoiminate Iigands
Aminoiminc compounds are also potential N-centered donor Iigands lor olefin
polymerization catalysts. The initial research on the aminoiminc Iigands has been mainly
limited to the amidinate-based compounds. Rausch and coworkers reported lhal (N,N
-
9
dimethyl-p-toluamidinato)trichlorotitanium (17) is a catalyst precursor for the
polymerization of styrene and ethylene.26 Risen et al. synthesized the
bis(trimethylsilyl)benzamidinate zirconium dichloride compound (18a), analyzed its
crystal structure and showed that it is active toward ethylene polymerization27 Recently,
Richson group reported that the dimethyl bis(N,N'-dicyclohexyl-benzamidinato)
complexes of Group 4 metals (titanium, zirconium and hafnium, 18b) are also active
catalysts for ethylene polymerization.28 Oberthur and coworkers synthesized the
titanium complexes 19 with pyrimidine ligands, an aromatic amidinate compounds, and
found they only show low polymerization activities.29
The P-iminoamine(or P-diketimine) ligands are homologues of amidinate
compounds, but with two more carbons on the ligand backbones. Recently several P-
iminoaminate complexes of Group 4 metals have been reported. Jordan et al. tested the
tetraaza macrocyclic complex 20 in olefin polymerization.^^'^l The Lappert group
prepared the zirconium and hafnium complexes, 21, of quinolyl-azaallyl ligands and
found that they are active in ethylene polymerization and produce high molecular weight
17 18 19
10
polymers.32 Theopold and Buldzelaar groups independently reported the P-
iminoaminate complexes of Ti(III) 22 and V(III),33,34 ^hich are active for olefin
polymerization. Collins and coworkers synthesized the zirconium complexes 23 and 24,
and found that they are active catalysts for ethylene polymerizations.35,36
¥\
N N
Me^Si"
20 21
X2
RN^ NR
¥\
RN NR
X3
RN NR
R' R'
22 23 24
1.5.4 Complexes with N, O chelating ligands
The application of acen, salen and other N, O chelating ligands in olefin
polymerization as been studied by several research groups. Zirconium complex 25 with
salen-type ligands only shows moderate activities in ethylene polymerization, but show
much higher activities on silica supports.49 The polymerization activities of complex 26
11
with acen-type ligands are moderate to high, depending on the side groups of the
ligands.50.5
1
Another N,0-chelating ligand, quinolinolate, was used on Group 4 metals
as well.*52 Tt was found that the ethylene polymerization behavior of complex 27
strongly depends on ligand properties and the identity of the metal center.
O
\ / >—
f
MXp
/ V \\ N M N
N O \L__/ R'l R
O
25 26 27
5.5 Phosphiniinide complexes
Stephan et al. proposed that the phosphinimide is a steric analogue of the
cyclopentadienyl ligands. They synthesized (he phosphimide titanium complexes of the
types shown as 28 and 29, that showed activities competitive with melallocenes under
similar conditions. They argued that the titanium center in the phosphinimide complexes
is very accessible because the steric bulky phosphinimide substituenls is held back away
from the titanium, and that contributes to the very high activities. This new class of
highly active phosphimide catalysts has good commercial promise.
12
t-Bu t-Bu
R
N
t-Bu
\
t-Bu—P=N—Ti
t-Bu X X
28 29
1
.6 Breakthrough in Late Transition Metal Catalysts
In contrast to the situation for early transition metal complexes, there have been
far fewer studies on late transition metal catalysts. Normally, late transition metal
catalysts only dimerize or oligomerize olefins due to competitive p-hydride
elimination .53-61 Hence, the electronic and steric characters of the ligands must be
carefully adjusted in order to favor the polymer chain propagation over chain transfer
reactions. For a long time, late transition metal systems only oligomerize ethylene to
higher molecular weight olefins, but were not observed to be able to convert a-olefins to
polymers with high enough molecular weights.
P,0-chelated nickel complexes, e.g., 30, oligomerize ethylene up to 30 C-atoms
under extreme conditions.54-56 process is known as the Shell Higher Olefin Process
(SHOP). With a phosphine scavenger, such as Ni(C0D)2 or Rh(acac)(ethylene)2, the
reaction can proceed under milder conditions.^^"^^ Sen reported that some very simple
late transition metal compounds, such as Pd( 1 ,5-C0D)(Me)Cl (31) or[Ni(7i-
13
MKMhallylDIi,
]^ (32), could oligomch/c clliylciic io higher olefins uiuler severe coiulilion
alter activation by ahnninnni conipomuls/***
O R
30 31 32
The studies ol Biookharl on calionic im kel ;tiul palladiimi complexes, 33,
eoiisliliilc ma|or developmenls in lale liansilion metal catalysts for olefin
polymeri/alion/'-^' ^ in these complexes, the metal center is efficiently shielded liom
associative olefin dis|)lacement by the bulky subslilucnls on the diinune ligands, so that
the chain transfer reaction is nuniini/,ed. i hesc systems were the first highly active late
transition metal catalysis which polymerize a-olefins to high molecular weight i)olymers.
in contiasi to (he high density polyethylene produced in classical early transition metal
systems, the polymers obtained from lirookhart's systems could be highly branched. The
number of branches on the polymer chain increases with (a) increasing of reaction
temperature; and (b) the tiecreasing size of the diimine ligand subslituents. i'hese
catalysts also copolymerize ethylene or propylene with the lunctionalized monomers,
such as acryiate.
14
Ar
M
R ^
I
Ar
33
M=Ni, Pd
Recently, Cavell et al. reported that neutral nickel catalysts, 34, based on the
pyridinecarboxylate ligand, without any cocatalyst, are active in both the
homopolymerization of ethylene and the copolymerization of ethylene and carbon
monoxide.64,65 xhe electronic properties of the ligands are crucial in controlling
polymerization behavior. The use of simple pyridine as the ligands only affords
oligomerization.
O
Ni
/ o-tolyl
N
34 35
Grubbs et al. demonstrated that neutral salicylaldiminato Ni complexes, 35, are
highly active toward the polymerization of ethylene under moderate conditions.^^-^^
They claimed that the bulkiness in the ortho position of the salicylaldimine ligands could
aid phosphine dissociation and prevent disproportionation of the ligand. The complexes
15
are active toward ethylene polymerization even without a cocatalyst, when acetonitrile, a
more labile ligand, is used instead of triphenylphosphine. Both the activities of the
catalysts and the branching in the polymer are affected by changing the steric and
electronic properties of the ligands. It was reported that the complexes can tolerate some
functional additives.
Although Group 10 metals have received the most attention, Group 8 and 9
metals, such as cobalt and iron, have been shown to form active polymerization catalysts
as well. Based on the assumption that the factors which favor agostic interaction will also
favor migratory insertion, Brookhart proposed that cobalt complex 36 with 3-center, 2-
electron M-H-C bonding interactions should be active catalysts for ethylene
polymerization.68 They demonstrated that cationic cobalt complexes with agostic
hydrogen are effective catalysts for ethylene polymerization, although the activities were
low. The polydispersities of the isolated polymers are narrow, which may indicate some
kind of "controlled" polymerization. Rhodium(III) complexes 3769,70 and 38^1 were
found to be active for ethylene polymerization, although their activities are relatively
low. Interestingly, complexes 37 were able to polymerize ethylene in water, and it
remains the only reported system to date to display this behavior.
16
Several ruthenium catalysts have been reported as well. Complex 40 shows \
low activities for ethylene polymerization and produce branched polymer72 Comp!
41, with suitable cocatalysts, will polymerize of ethylene and copolymcrize of
elhylene/l-hcxene; however, their activities arc very low73
40 41
In 1998, two groups (that of Gibson in the UK and that of Brookhart in the ILS)
independently discovered that tridentate cobalt(II) and iron(II) complexes 42 with 2,6-
bis(imino)pyridyl ligands, activated by MAO, are exceptionally highly active catalysts
for ethylene or propylene polymerization. '^^-^"^ The activities of iron complexes are
comparable with, or even exceed, those of the metallocene catalysts under similar
conditions. By reducing the steric bulk of the pyridinebisimine ligands, Brookhart also
17
reported that the iron catalysts oligomerize ethylene to linear olefins with high activity
and selectivity.lO The discovery of active iron catalysts is possihly the next milestone in
the research of olefin polymerization catalysts since Kaminsky's discovery in the mid-
1970s that zirconenes, combined with MAO, are highly active for olefin polymerizations.
Ar
=N
\ ..vX
M=Fe,Co/-X
N
R Ar
40
1 .7 Summary
There have been tremendous discoveries in the design and application of a-olefin
polymerization catalysts in recent years. Many studied combinations of new ligand
systems and metal centers showed very promising results. Most importantly, the recent
studies for novel catalysts were no longer restricted to early transition metals, but have
covered Group 3 to Group 10 transition metals, and even non-transition metals. From
this literature review, several essential features were identified as necessary to promote
highly active catalyst activities. These features are: a) complexes with electron deficient
metal centers, most of them with 14 or fewer electrons; b) catalyst centers with vacant
coordination orbitals adjacent to the propagating polymer chain; and c) suitable stcric
protection to stabilize the active catalyst sites and minimize the side reactions. Although
it is not necessary in all cases, a cationic center is also favorable for many catalyst
18
systems in order to increase the electrophilicity of the active sites and to prevent some
deactivation reactions, such as dimerization.
There are huge driving forces emanating from industry to discover highly active
and stereospecific catalysts with extraordinary performance capabilities, which yielding
polyolefins with special structures and properties. Hence, the process of discovery and
development of olefin polymerization catalysts is far from over. It is said that the
research of catalysts is only limited by the imagination of the organometallic and polymer
chemists to design new ligands and apply novel metal centers. We too, would like to
contribute our efforts to this exciting research field.
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CHAPTER 2
AMINOIMINES AND THEIR EARLY TRANSITION METAL COMPLEXES
2.1 Design of Aminoimine Ligands
The objective of this woi k is to design and synthesize novel ligand systems that
are applicable in both early and late transition metal catalysts used for a-olefin
polymerization. This series is directed to better elucidate the roles of the steric and
electronic contributions to the activities of olefin polymerization catalysts and give
valuable information on future catalyst design.
In general, early transition metals are electron-deficient, whereas late transition
metals are electron-rich. Early transition metals have relatively low effective nuclear
charges and are larger than the late transition metals. Early transition metals also have
lower ionization potentials and their higher oxidation states may contain only a few or no
d electrons. In addition, the early transition complexes are much more oxophilic than the
late transition ones, so that the early transition complexes are less compatible with
functionalized compounds.
We aim to design ligand systems that are compatible with both early and late
transition metals. As shown in Chapter 1, N, N-centered ligands are potential systems for
olefin polymerizations in both early and late transition metal catalysts. Hence, nitrogen
groups were incorporated in our ligand design. In addition, a special conjugated structure
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was designed to delocalize the electrons along the carbon backbones. This conjugated
structure will function as a reservoir to satisfy the electronic requirements of both early
and late transition metal centers. The proposed structure is shown in Figure 2. 1
.
R N N R'
Figure 2.1 Sketch of designed ligand systems.
A: aminotroponimines (ATI)
B: |3-iminoamines (P-IAM)
R'—N N-R
II
H
e
R'—N ^ N-R
Figure 2.2 Prospective ligand systems
Two series of compounds, the aminotroponimines (ATI) and the P-iminoamines
(P-IAM), have been identified as suitable candidates. Their structures are shown in
Figure 2.2.
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Both ATI and P-IAM are conjugated aminoimine-type compounds. Once
proton is removed, both systems have one delocahzed negative charge and are simihir to
the cyclopentadienyl Hgand with respect to steric and electronic properties. 1-4 The steric
and electronic properties of our designed ligands can be modified easily by changing the
substituents on the two nitrogen atoms. Through tuning the side groups of aminoimine
compounds, ATI and p-IAM are able to function as either 4e or 6e donors and expected
to be potential ligands for both early and late transition metals complexes.
2.2 Background of P-IAM and ATI Metal Complexes
2.2. 1 P-IAM metal complexes
The P-iminoaminatc metal complexes have been known for more than thirty
years. They were initially employed to bis-didentate nickel, copper and cobalt complexes
(e.g., 1) for studying the ligand effects on stereochemistry, electronic structures and
electron delocalization behaviors.5-7 For a long time, only a few isolated examples of p-
lAM complexes were reported and the investigation of them was limited to pure
inorganic structural and spectroscopic studies rather than application in polymerization
catalysis. ^-^l
R-N N-R
M= Ni, Cu, Co
r-n'^ ^N-R
R-^^^^^^R-
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In recent several years, due to the discovery of N-cenlcred compounds as
promising ligands for a-olefin polymerization, there are increasing number of studies on
the synthesis and application of P-IAM complexes, hi 1994, Lappert group reported p-
JAM complexes of tin and zirconium (complex 2) and proposed that the deprolonatcd P-
lAM- may have some ii'-character from the X-ray analysis of the crystal structures. '2. 13
The same group applied pyridyl-and quinolyl-^-IAM zirconium and hafnium complexes
3,4 into ethylene polymerization and found several active zirconium catalysts. '4 The
structural and spectroscopic studies of lithium p-IAM complexes appeared in 1995.15
In 1998, Collins prepared zirconium complexes 5,6 with one or two p-IAM
ligands and complexes 7 coordinated with one cyclopentadicnyl and one p-IAM. ' They
believed that the P-IAMs mainly adopt r|"''-coordination mode in these structures and that
the 7u-coordination abilities of the P-IAM ligands appear to be considerably weaker than
the Cp systems. They reported that these zirconium complexes are active catalysts for
27
olefin polymerization.2 The Smith group reported the synthesis of similar zirconium
complexes 6 in 1999.'^
RN NR 7?
XpZr, RN NR
.jU"
Coates and coworkers applied P-IAM zinc complexes 8 in the alternating
copolymerization of carbon dioxide and epoxides. '7 The Theopold and Budzelaar groups
independently synthesized p-IAM complexes 9 of vanadium(IIl), titanium(III) and
claimed the ligands are coordinated as mode.'^-''^ The Theopold group made the
chromium complexes as well and found that all of the complexes of vanadium(TII),
titanium(III) and chromium (III) are active toward ethylene polymerization.'^ Other
researchers synthesized (3-1AM complexes of several metal centers, such as scandium, '5
rhodium^O and boron,2' and obtained the crystal structures of these metal complexes.
X2
Ar\ ^Ms. ^Ar
N N M=Ti,Crand V
X=OMe, OAc
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In addition to the acyclic p-lAM iigands, (here is a large number of research of
metal complexes with macrocyclic multi-dentale iminoamine Iigands, such as
dibenzoteraazal 14] annulenes 11 and porphyrin 12.22 jhe macrocyclic complexes are
considerably attractive in the quest of new chemical and biochemical properties.
However, most of macrocyclic complexes are not particularly suited as catalysts for
olefin polymerization, except one special case shown in Chapter 1 .23.24 Hence, these
macrocyclic complexes are beyond the scope of this discussion.
2.2.2 ATI metal complexes
Similar to (i-IAM compounds, both simple aminotroponimines and macrocyclic
derivatives, such as tropocoronand tetraazamacrocycles 13, were used as Iigands to form
metal complexes. Lippard is the main research group to study the tropocoronand
complexes.25.26 ^i^jj- section, we will limit our focus to acyclic aminotroponiminate
complexes.
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Before 1990s, there were few reports of the acychc ATI complexes. Eaton and
coworkers synthesized nickel(ll) aminotroponiminates 14 to investigate the spin-density
distributions in these conjugated paramagnetic compounds .27-29 Doddrell et al. studied
the C NMR of the nickel complexes to probe the metal-ligand interactions.30
Since 1995, the Dias group complexed the ATI ligands with many different metal
centers, such as tin(II), gallium(III), indium(III), germanium, lead, lithium, aluminum,
zirconium (15) and hafnium and reported a series of crystal structures of these ATI
complexes. 3»3 1-35 Roesky synthesized several ATI lanthanide complexes 16a-c (yttrium,
lanthanum and samarium) and showed that bis(aminotroponiminate)yttrium amides are
active catalysts for hydroamination and cyclization.^ Both of Dias and Roesky's
research showed that ATI ligands are able to coordinate to metals in various
stoichiometric ratios to form mono-, bi- or even tri-substituted complexes. In many
30
synthesis reactions, the bi-substitutcd complexes are more favorable than the mono
complexes.
I THF THFi
R R
:Cr:V
I
3
R
Ln=Y, La, sm
16a 16b 16c
Jordan reported cationic aluminum alkyl complexes 17a-b incorporating ATI
ligands, which polymerize methyl methacrylate to syndiotactic polymer, but shows only
trace activities in ethylene polymerizations.^^^ hi 1999, the Lippard group described a
one-pot coupling reaction utilizing the bis(aminotroponiminate) alkyl titanium complexes
18 to synthesize vincinal diols.^'^ The Roesky group first synthesized an interesting
bridged ATI compound and applied this new ligand system in lanthanum, gallium and
indium complexes 19.38,39
31
R
Pr Pr
M=Ga, In, La
18 19
In summary, aminotroponimines are ligands suitable for many transition and mair
group metal complexes. Surprisingly, until now there has not been any reported research
of the successful application of ATI complexes into a-olefin polymerizations, although
some researchers proposed that ATI ligands are similar to the well-known
cyclopentadienyl systems. 3,4,31-35,38 jhe study of ATI catalysts of olefin
polymerization is still an untouched and considerable promising research area. Along
with the p-IAM ligands, these two series of aminoimines have potential as valuable
ligand systems for the design and investigation of active catalysts for a-olefin
polymerizations.
In this chapter, we will first discuss a novel synthetic route to ATI and p-IAM
compounds with different substituent groups. Next, we will present the synthesis and
characterization of zirconium and titanium complexes with ATI and P-IAM ligands.
From X-ray analysis of the single crystal, the solid-state structure of a P-IAM zirconium
complex will be discussed in detail in this chapter.
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2.3 Synthesis of aminoimine ligands
2.3. 1 Synthesis of ATI compounds
Traditionally, there are several routes to prepare aminotroponimine compounds; however,
most of these routes are multi-step and with low yields. The first report of ATI
compounds appeared in 1960. Brasen et al. synthesized a series of ATI compounds with
aromatic or aliphatic substituents through pyrolysis of bicylcoheptene at high
temperature, followed by the reaction between the tetrafluorocycloheptadienes and
amines (Route A in Scheme 2. l).40,4l The pyrolysis process requires high temperature
reactor and the total yields are lower than 25%. The Soma group prepared ATI
compounds from tropolone.42,43 This procedure involves multi-step reactions and a large
amount of side-products is produced (Route B in Scheme 2. 1), and unfortunately, the
total yields are not good. The reactions of tropone with aniline and its derivatives in
presence of copper(II) acetate afford mainly 2-aminotropones with only small quantities
of ATI compounds.44 The synthetic route involving benzo[Z7]cyclohept[e][l,4]oxazine
produces alkyl substituted ATI compounds(Route C in Scheme 2.1);45 however, the
reaction to prepare benzo[^]cyclohept[e][l,4]oxazine yields about 50% by-product and
the purification is tedious.46
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Route A :
R
Scheme 2.1 Traditional routes to aminotroponimines.
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In 1 995, the Dias group reported a two-step synthetic route to prepare alkyi
substituted ATI compounds (Scheme 2.2).31.33 jhis route seems simple and clean and
the total yield was reported to be over 70%.
R
R=Me and 'Pr
Scheme 2.2 Two-step route to aminotroponimines.
We attempted to make N,N'-diisopropyl-aminotroponimine following this
procedure. It was not difficult to obtain 2-isopropylaminotropone in the first step
reaction; however, the second step failed to produce pure N,N'-diisopropyl-
aminotroponimine. The crude product is a mixture of 2-isopropylaminotropone and N,N'-
diisopropyl-aminotroponimine. It was found that the amount of ATI compound in the
mixture is less than 50% through NMR analysis. The GC/MS could not give any useful
information because there is only one peak for both of aminotropone and
aminotroponimine. No useful separation conditions were found using GC/MS analysis.
This indicates that the adsorption of 2-isopropylaminotropone and N,N'-diisopropyl-
aminotroponimine are almost identical on the GC column under variable temperature
range. The separation through silica column was not good and the target product could
decompose to aminotropone on the column. Only small amounts of product was isolated
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through recrystallization from hexanes and the yield of the second step reaction is lower
than 5%. We repeated this synthesis several times with different lots of triethyloxonium
tetrafluoroborate; however, the reaction gave the same results. Longer reaction time did
not improve the outcome. We also tried to use triethyloxonium hexachloroantimonate,
instead of triethyloxonium tetrafluoroborate, to activate the second step reaction, but
could not improve the yield of the reaction. In addition, this procedure also failed to
make N,N'-o-methylphenyl-ATI.
Later, during my presentation of our new synthetic route to the ATI compounds
(vide infra) in the ACS meeting of fall, 1998, several research groups pointed out that
they too failed to reproduce the Dias' procedure to synthesize ATI compounds. There
may be some unpublished secrets in this synthetic approach.
The classical synthesis routes to ATI compounds are not straightforward and
could not give decent yields. This may be due to many things including the stability of
the conjugated seven-member ring structure of tropone. During the substitution reactions
with amines, it is easy to substitute one group by amines to obtain 2-aminotropone.
However, through the conjugated ring system, the first substituted amine group can
delocalize its electron density over the tropone ring making the remaining carbonyl group
much less electrophilic. Hence, this decreases the reactivity and inhibits the second
substitution reaction. There are two strategies to overcome the problems associated with
the second substitution reaction. One is to increase the electrophilicity of the carbonyl
groups on 2-aminotropone and the other is to improve the nucleophilicity of the attacking
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amines. Except the synthetic route to prepare ATI compounds from
tetrafluorocycloheptadienes, most of methodologies m hterature are through improving
the electrophilicity of the carbonyl groups. We explored the possibility of the second
strategy by increasing the nucleophilicities of amines.
more
Titanium tetrachloride is a strong Lewis acid and widely used in organic
synthesis. In many nucleophilic substitution reactions of carbonyl groups, titanium
tetrachloride could coordinate with the carbonyl oxygen and make the carbonyl
facile to nucleophilic attack. However, Hall group reported a new catalytic mechanism
for titanium tetrachloride in their study of synthesis of anthraquinone imines and polymer
derivatives.47 They found that the imine yield could be optimized through a special
order of addition of the starting materials. Optimum yields were obtained when titanium
tetrachloride and amines were added together before the addition of anthraquinone. This
result indicates that titanium tetrachloride is able to react with the amine to form a
reactive intermediate in the imine synthesis (Scheme 2.3). We thought that this approach
may be useful for the synthesis of aminotroponimine compounds.
We attempted to synthesize N,N'-diisopropyl-ATI from 2-(tosyloxy)tropone and
isopropylamine catalyzed by titanium tetrachloride(eq. 2.1). 1,4-
diazabicyclo[2,2,2]octane (DABCO) was used as a base to absorb the hydrochloride
generated from the reaction. The initial mixture of starting materials is a red slurry that
turns red-black during the reaction. After the reaction was heated at 100 °C overnight,
relatively pure N,N'-diisopropyl-aminotroponimine was easily isolated through hexane
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extraction and sublimation. The product yield of this simple one-pot reaction
85%.
IS over
ArNH2 + TiCl4
DABCO Ar—N=TiCI.
Ar—N=Ti=N—Ar
+ DABCO •HCl
Ar—N=TiCl2
Ar—N=Ti=N—Ar
+ O Ar—
N
N—Ar
Scheme 2.3 TiCU-assisted imine synthesis.
NH
TiCU, DABCO
toluene, 100 °C
N
N
H (2.1)
20a
The synthesis of N,N'-diisopropyl-aminotroponimine 20a was performed under
different ratios of amine and 2-(tosyloxyl)tropone. It was found that the reaction yield is
almost proportional to the molar ratio of the starting materials and large excess of amine
is required to give high yield. Large amounts of the intermediate, 2-aminotropone,
appears in the product mixture when the molar ratio of isopropylamine to 2-
(tosyloxyl)tropone is 8: 1 . The product yield increases to 61 % when the ratio reaches
38
26: 1
,
and increases further to 86% when the ratio is 45: 1 (Figure 2.3). This phenomenon
indicates the concentration of amine plays an important role in completing the
substitution reaction.
100
80
a 40
20
0
0 10 20 30 40 50
molar ratio of amine to tropone
Figure 2.3 The dependence of yield of 20a on the ratio of amine to 2-(tosyloxyl)tropone,
This novel synthetic route was successfully applied to the synthesis of a series of
N,N'-dialkyl-ATI compounds, including methyl (20b), r-butyl (20c) and benzyl (20d)
aminotroponimines (eq. 2.2). There are slight differences in the synthesis of 20a and
20b-c. The direct products from the TiCU-assisted reactions are aminotroponimine acid
salts in the synthesis of 20b-c, and treatment with triethylamine is needed in order to
obtain the pure aminotroponimines. The N,N'-dicyclohexyl-aminotropone could also be
prepared through a similar procedure, although no pure product was isolated and the
reaction yield was low.
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.0
OTs
+ RNH2 l)TiCl4, DABCO
2) Et3N (2.2)
20b: R= methyl
20c: R= r-butyl
20d: R= benzyl
Unfortunately, this procedure failed to make N,N'-diphenyl-ATI. The reaction of
2-(tosyloxyl)tropone and aniline under similar condition does not produce N,N'-diphenyl-
ATI, but 2-anilinotropone (21) (eq. 2.3). we also tried to prepare the N,N'-diphenyl-ATI
through refluxing of 2-tosyloxytropone and aniline in ethanol with hydrochloric acid.
Even after heating to reflux for a month, it still stops in the intermediate step and only 2-
anilinotropone hydrochloride salt is formed (eq. 2.4). We further attempted to let 2-
anilinotropone react with aniline catalyzed by titanium tetrachloride; however, there was
no reaction and 2-anilinotropone was recovered from the reaction mixture (eq. 2.5).
W^OTs
TiCl4, DABCO /==\,o
toluene, 100 °C V^^jj^n
HCl, ethanol
reflux
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(2.3)
H«HCI (2.4)
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TiCl4, DABCO
No Reaction (2.5)
toluene, 100 °C
It is hypothesized that the synthetic route to dialkyl-ATIs fails in the attempted
preparation of diphehyl-ATI due to the electronic difference between aniline and
aliphatic amines. Aniline is a weaker nucleophilic reagent and not active enough to
substitute for the carbonyl of 2-anilinotropone even after it is activated by titanium
tetrachloride. In addition, the carbonyl group of 2-anilinotropone is less susceptible than
the one on 2-alkylaminotropone because anilino group is stronger electron donor than the
alkylamines. Both of the factors decrease the reactivity of the substitution reactions and
stop the reaction in 2-anilinotropone step.
Alky] amines are stronger nucleophilic reagents than their aromatic counterparts.
Hence, we found it is possible for alkyl amines to react with 2-anilinotropone and afford
new type of non-symmetric aminotroponimine compounds. The reaction of
isopropylamine and 2-anilinotropone in presence of titanium tetrachloride and DABCO
affords N-isopropyl-N' -phenyl-ATI hydrochloride (22) in almost quantitative yield (eq.
2.6). The addition of triethylamine converts the hydrochloride salt to the non-symmetric
ATI compound with excellent yield.
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2.3.2 Synthesis of P-IAM compounds
Unlike aminotroponimincs, the synthesis of P-iminoaminc compounds in the
literature is more straightforward and relatively easier to achieve. It may be because the
starting material, acetylacetone (acac), is more active than tropone. In general, the
synthesis requires strong protonic or Lewis acid, such as HCl or ZnCb to activate the
starting materials and stabilize the final products.-'''4«,49 addition, there were reports of
using triethyloxonium tetrafluoroboratc to activate the kctonimine intermediate and
obtain the (3-IAM borate salt.6 The reaction between amines and activated acac,
acetylacetone ethylene acetal, is another approach to synthesize P-IAM compounds.-''^^'-'^'
We successful applied our novel route for ATI compounds into the synthesis of
N,N'-diphenyl-P-lAM. The mixture of aniline, 2,4-pentanedionc and catalysts gave a
dark-orange slurry. After the solution was heated at reflux overnight, the mixture turned
gray-orange with a large amount of insoluble particles. N,N'-diphenyl-p-IAM (23a) was
isolated in good yield through extraction and recrystallization of the crude products (eq.
2.7).
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X X + ^Vmh, T'CU. DABCO Ph-N-"-N-Ph ^2.7)^^-^^^ \=/ toluene, reflux ^^.^^^^ =
23a
In contrast, this method could not be used to make the more bulky derivative,
N,N'-di(2,6-diisopropylphenyl)-P-IAM, from the reaction of corresponding aniline
derivative and 2,4-pentanedione. We also tried to prepare N,N'-di(2,6-
diisopropylphenyl)-P-IAM following Holm's procedure^ for N,N'-diphenyl-p-IAM and
found that the conversion is less than 30% and it is difficult to isolate pure P-IAM from
the ketonimine intermediate (Scheme 2.4).
Scheme 2.4 Synthesis of N,N'-di(2,6-diisopropylphenyl)-P-IAM with low yield.
While this work was in process, Feldman et al reported a synthetic procedure to
make N,N'-di(2,6-diisopropylphenyI)-P-IAM.49 Although there is no large difference
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between Feld.nan's route and our initial attempt, Feldman heated the reaction for more
than three days and obtained the product with good yield, indicating that the substitnlic
reaction of the carbonyl on the ketoniniine is slow and needs along time to complete.
Following Feldman's procedure, N,N'-bis(2,6-diisopropylphcnyI)-P-IAM (23d) was
prepared and the product was identical to the previous report. Other aromatic |3-IAM
derivatives (23b,c) were obtained as well through similar reactions (Scheme 2.5).
•HCI
9 9 HCl,ethanol Ar\^...H^ ,Ar
II IJ + ArNH,
'
.
N" Na.CO., Ar^^,..H.^^. Ar
reriux3days CH,C1,/H,0 1 '
23
b: Ar=2-mcthylphenyl
c: Ar=2,6-dimethylphcnyl
d: Ar=2,6-diisopropylphenyl
Scheme 2.5 Synthesis of aromatic p-IAM compounds,
In addition to the series of aromatic P-IAM ligands, N,N'-dimethyl-P-IAM was
also synthesized following a literature procedure (Scheme 2.6).'^'
O O TsOH, ben/ene O \^ ril,NH2 ^N '^'n
//^...^^ + HO^ ^(OH
reflux
23e
Scheme 2.6 Synthesis of aliphatic P-IAM.
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2.4 Aminoiminate Zirconium Complexes
2.4. 1 Synthesis of p-IAM zirconium complexes
Through our study, we discovered a simple procedure to prepare all of the
aromatic and aliphatic P-IAM zirconium complexes. Deprotonated with n-BuLi at low
temperature, the anionic p-IAMs were allowed to react with ZrCl4«2THF to afford yellow
to orange P-IAM-ZrCl3*THF complexes (Scheme 2.7). These complexes can be further
purified by recrystallization from toluene/hexane mixtures. We found that n-BuLi is a
good deprotonating reagent, while NaH was unable to remove the proton from p-IAM
ligands and r-BuOK only works for p-IAMs with substituents smaller than phenyl rings.
24
a: R=Me
b: R=Ph
c: R=2-methylphenyl
d: R=2,6-dimethylphenyl
e: R=2,6-diisopropylphenyl
Scheme 2.7 Preparation of P-IAM-Zr complexes.
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Figure 2.4 NMR spectra of complex 24e.
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The purified zirconium complexes are yellow to orange fine crystals that
decompose in air. As with many Group 4 complexes, our P-IAM zirconium complexes
are sensitive to oxygen and moisture. It is interesting to note that all our zirconium
complexes were isolated as THF adducts. This indicates that our zirconium complexes
are very electron-deficient. It is often assumed that electron-deficiency is favorable for
active early metal catalysts for olefin polymerizations.
All of the zirconium complexes 24a-e were characterized by and ' ^C NMR as
well as elemental analysis. The NMR spectra of N,N'-di(2,6-diisopropylphenyl)-P-IAM-
Zr complex (24e) were shown in Figure 2.4. There is only one peak in both the 'H and
'^C spectra for the two CH3 end groups on the acac backbone. This indicates that the two
nitrogens are chemically equivalent and the two double bonds of the p-iminoamine
complexes are delocalized over the N-C-C-C-N backbone. The analysis results were
consistent with the proposed mono-substituted zirconium complexes.
2.4.2 X-ray analysis and structure determination of p-IAM-Zr complexes
Full structure analysis was important for the characterization of these zirconium
complexes because the anionic P-IAM ligands can act as either 4- or 6-electron donors
depending on the interaction between the metal and the two nitrogens and central a-
carbon atoms. The solid-state structure of N,N'-di(2,6-diisopropylphenyl)-p-IAM-Zr
complex (24e) were determined through single-crystal X-ray diffraction analysis. The
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appendix to this thesis Hsts the table of data collection parameters, atomic coordinates,
bond lengths and bond angles, torsion angles and distances to the least-squares planes.
Figure 2.5 Two asymmetric 24e molecules in one unit cell.
Complex 24e crystallizes with one THF molecule coordinated to the zirconium
center. There are two asymmetric molecules in the unit cell (Figure 2.5). The bonding
positions of Cll and THF on the two molecules are switched relative to each other. In
addition, there are slight differences in the bond lengths and angles of other atoms. To
simplify this situation, only one molecule in the unit cell will be discussed.
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Figure 2.6 ORTEP diagram of complex 24e.
The ORTEP diagram of the p-IAM-ZrCl3»THF complex 24e is shown in Figure
2.6. The selected bond lengths and bond angles are listed in Table 2.1. In the solid state,
24e adopts a distorted, octahedral geometry at the zirconium center. The Zr-Cll-Nl-N2-
O are almost coplanar (^Zr = 361°). As the Collins group reported in their P-IAM
complexes,! the five atoms in the p-IAM ligand, N1-C2-C3-C4-N2, are coplanar and
these short bond lengths among those atoms show strong delocalization of the double
bonds of the ligand. The metal center Zr atom lies above the ligand plane. However, the
distances of Zr-C2 (3.1707(19)), Zr-C3 (3.4408(19)) and Zr-C4 (3.1594(20)) are too long
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lo fonn real Zi-C bonds. In contrast lo the ^incoordination of tlic (MAM to (l,c
zirconium, claimed by Lapperl and coworkers,12 ,he (MAM ligand in complex 24e is
more close to Tl'-coordination mode, in addition, the bond lengths ofZr-NI (2.2427( 1 .-S))
a.Kl Zr-N2 (2.2134(16)) indicate there is no strong 7i-donalion from the nitrogen atoms lo
the /irconium. Hence, the (i-IAM /irconium complex 24o is best thought of as a 12-
clcctron, very electron-deficient complex. Il is assumed (hat the (3-lAM complexes 24a.(l
also adopt similar geometries.
I able 2.1 Selected bond leiiKlbs and bond angles ol complex 24e,
Bond length ^(A)
Zr-CI 1 2.4454(6) Zr-C12
:
2.4294(6)
Zr-C13 2.4332(6) Zr-0 2.2736(13)
Zr-N 1 2.2427(15) Zr-N2 2.2134(16)
NI-(^2 1 .344(2) m-c4 1.348(3)
C2-C3 1.395(3) (\3-(^4 1.399(3)
Zr-C2 3.1707(19) Zr-C3 3.4408(19)
Zr-CH 3.1594(20)
Bond Angle,*'i (deg)
CII-ZI-C12 S8.25(2) Cll-Zr-C13 100.59(2)
CIl-Zi-O 83.79(4) CI 1 -Zr-N 1 167.90(4)
Cll-Zr-N2 8S.S9(4) C12-Zr-CI3 161.844(19)
CI2-Zr-NI 85.26(4) N 1 -Zr-N2 83.12(6)
Zr-Nl-C2 122.24(12) Zi-N2-(H 123.19(12)
N1-C2-C3 123.43(17) C2-C3-C4 129.03(18)
N2-C4-C3 124.43(18)
2.4.3 wSynlhcsis and charactcri/alion of ATl-Zr complexes
We altempted to syiilhesi/e ATI-Zr complexes llirougli the route used for
preparing the (3-lAM-Zr complexes; however, the reactions of deprotonated A TI
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compounds with ZrCU or ZrCU-lTHF always produced 2: 1 (ATD.ZrCl^ complexes (25),
although the ratio of the starting materials was kept at 1 : {(Scheme 2.8). Furthermore, it
was found that there is no disproportionalion reaction between complex 25 and
ZrCl4«2THF (eq. 2.8). The reason is not clear why 2: 1 ATI complexes are more
favorable than 1 :
1
complexes in these reactions. W might be related to the sizes and
geometry of the ATI ligands and the electronic requirements of the zirconium center.
Although the 2: 1 ATI-Zr complex is not what are targeted, it is still a potential catalyst
for olefin polymerization. The two chlorides of complex 25 were reported to occupy cis
coordination sites,^^ ^hj^.^ is an essential requirement for olefin polymerization
catalysis.
PZrClg + ZrCl4.2THF ^ No Reaction (2-8)
The dialkylamino zirconium compounds are excellent precursors for the
preparation of other zirconium complexes. The amine elimination reactions between
Zr(NMe2)4 and many ligand systems were reported to proceed smoothly and give near
quantitatively yields. -''2-'><^ Likewise, we used Zr(NMe2)4 in the synthesis of 1 : 1 ATI-Zr
complexes and obtained good results. The reaction of diisopropyl-ATI and Zr(NMe2)4,
followed by substitution reaction with TMSCI, produces the ATI-ZrCl^ in excellent yield
(Scheme 2.9). The crude product from Scheme 2.9 is the zirconium complex without a
bound THF. After recrystallization from THF/pentanc mixture, the isolated crystals were
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found to be ATI-ZrCl3-THF adduct (26). The complex was characterized through NMR
and elemental analysis.
N
H «-BuLi ZrCL .2THF
/
25
Scheme 2.8 Preparation of (ATI)2-Zr complexes.
26
Scheme 2.9 Synthesis of ATI-Zr complexes through amine elimination reaction.
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2.5 Aminoiminate Titanium Complexes
2.5. 1 p-IAM titanium complexes
2.5. 1 .
1
Initial experiments and an unexpected reaction
We first attempted to prepare the (3-IAM titanium complexes using TiCU as the
titanium source, but unfortunately, less than satisfactory results were obtained. When the
deprotonated dimethyUP-IAM (23e) was allowed to react with TiCU-THF, non-specific
decomposition was observed and reduction of Ti (IV) to Ti(III) was observed. Under the
same conditions, however, deprotonated diisopropylphenyl-(3-IAM (23d) proved to be far
more interesting. No titanium adducts were isolated from the reaction; instead, 23d was
nearly quantitatively dimerized to 23f (Scheme 2. 10).
23f
Scheme 2.10 Dimerization of diisopropylphenyl-|3-IAM.
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The structure of 23f is consistent with a mechanistic path involving radical
coupling. ESR studies on the reaction mixture showed a broad Ti(III) signal at 3410
gauss, which lends support to an electron-transfer, radical coupling process (Scheme
2.11).
n-BuLi
Ti(IV) Ti(m)
\ y
Scheme 2.11 Proposed mechanism of the p-IAM dimerization
The compound 23f is an interesting, potential ligand for dimetallic complexes.
However, we found it is difficult to deprotonate the compound 23f. Both f-BuOK and n-
BuLi failed to remove protons from the P-IAM dimer. Although the NMR peak of the
bridge proton disappears when 23f was heated to 60 ^'C together with f-BuOK in
deuterated methylene chloride, all chemical shifts of other peaks in both *H and ^''C NMR
keep unchanged and no deprotonated dimer was isolated. It is believed somehow there is
proton exchange between the bridge proton 23f and CD2CI2 in the presence of r-BuOK at
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non
higher temperature. It is reported that potassium diisopropylamide (KDA) is a
nucleophilic, strong base and is suitable to deprotonate weakly acidic compounds. 57,58
However, no reaction took place between ZrCl4.2THF and the mixture of KDA and 23f.
In addition, no amine elimination reaction took place in the mixture of Zr(NMe2)4 and the
P-IAM dimer at 110 °C (eq. 2.9).
+ Zr(NMe2)4 * No Reaction (2.9)
2.5. 1 .2 Successful route to p-IAM titanium complexes
Through further study, we found that the p-IAM titanium complexes could be
made through the amine elimination reactions between p-IAMs and Ti(NMe2)4 (Scheme
2. 1 2). The reaction of dimethyl-p-IAM with Ti(NMe2)4 proceeds smoothly at room
temperature and the color of the mixture slowly changes from yellow to red. High
temperature (refluxing in toluene) is required when using diphenyl-P-IAM in the
analogous reaction. The reactivity difference is due to both the electronic and steric
effects of the phenyl rings. Unlike the reaction in Scheme 2.9, the second reaction in
Scheme 2. 12 stops after two NMci groups are substituted by chlorines. The isolated
compounds are always the titanium complexes with one unsubstituted NMei. Increasing
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the amount of TMSCl does not further the reaction and the titanium complexes
decompose at higher temperature. The products of 27a,b are brown-purple crystals and
very sensitive to air and moisture. It was also found that complex 27a is sensitive to
weakly acidic proton and reacts with deuterated chloroform. Due to this rapid
decomposition, the NMR spectrum of pure 27a in CDCI3 is very complicated, while its
spectra are very clean in CD2CI2 and C(,De.
R-N N-R
+ Ti(NMe2)4
(NMe2)3
R— ^N-R
I' 'I
Me.SiCl
(NMe2)Cl2
R—N N-R
27a: R= methyl
27b: R= phenyl
Scheme 2.12 Synthesis of (3-IAM-Ti complexes
In contrast, no amine elimination reactions between N,N'-di(2,6-
diisopropylphenyl)-P-IAM (23d) and Ti(NMe2)4 are observed even at 1 10 °C (eq. 2.10).
The P-IAM compound 23d could be completely recovered from the reaction mixture. It
is believed that both of the steric and electronic effects of the very bulky p-IAM
compound decrease its and prevent the reaction from occurring.
110 °C
No Reaction (2.10)
toluene
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2.5.2 ATI titanium complexes
The synthetic route to ATI titanium complex 28a are similar to that lor [i-IAM
lilanium complexes; however, the obtained complex 28a contaminated with small
amounts of ATI-TiCI, (Scheme 2. 1 3). After several recrystalli/alions from different
solvenls, the pure complex was isolated as a dark-red crystallized solid. Attempts to
convert the N,N'-diisopropyl-ATI-Ti(NMe2)Cb adduct to ATI-TiCI
,
through further
reaction with TMSCI at higher temperatures (60 T) failed. Although compound 28a was
consumed and more ATI-TiCI
,
forms during the reaction, the product was still a mixture
and no pure ATI-TiCI.^ complex was ever obtained. The 'll and '^C NMU analysis of
28a gave very clean spectra and the elemental analysis results match its formula.
H + Ti(NMe2)4 Ti(NMe2); Mc,SiCI
Ti(NMe2)Cl2 +
28a: R= isopropyl
28b: R= ben/yl
Scheme 2.13 Synthesis of ATI- Ti complexes
A siiTiilar procedure was attempted for the preparation of complex 28b.
Unfortunately, we found that the product is impure 28b with many side-products. The
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pure complex 28b could not be isolated from several recrystallizations and
reprecipitations in different solvents.
2.6 Conclusions
In summary, a novel and simple route to prepare a series of N,N'-dialkyl-
aminotroponimine compounds and one |3-iminoamine compound, N,N'-diphenyl-p-IAM
has been found. This procedure was also used to successfully synthesize N-isopropyl-N'-
phenyl-ATI hydrochloride, a new non-symmetric aminotroponimine compound. In
addition, we modified Feldman's procedure and prepared several aromatic P-iminoamine
compounds. During the titanium metallation of the most bulky p-IAM compound, we
unexpectedly found that the p-IAM was dimerized to produce a potential ligand for
dimetallic complexes. Although no suitable route to the metallation of the p-IAM dimer
was found yet, it is a very interesting ligand and worthy of further investigations.
A series of p-IAM zirconium complexes were successfully synthesized through
simple reactions between deprotonated p-IAM and ZrCl4»2THF. Through different
synthetic routes, the ATI zirconium complexes were obtained as both mono-substituted
ATI-Zr complexes and di-substituted (ATI)2-Zr complexes. In addition, the p-IAM
titanium complexes were synthesized through amine elimination reactions. Unlike the
zirconium complexes, the titanium complexes always retained one NMe2 group and only
two chloride ligands. ATI titanium complexes were also prepared through amine
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elimination reactions. Similar to the P-IAM t.tanium complexes, the obtained ATI
titanium complexes are with one NMe2 group.
All of our zirconium and titanium complexes were characterized through 'h and
ay
"C NMR and elemental analysis. A Full structure analysis was achieved through X-r
analysis of one p-IAM-Zr complexes. The geometry of complex, interaction between
ligand and metal center and the coordination mode of ligand were discussed.
It is expected that all of our titanium and zirconium complexes are active catalyst;
for a-olefin polymerizations. This part of work will be discussed in next chapter.
2.7 Experimental and Characterization
2.7.1 General
All operations involving air- and moisture-sensitive compounds were carried out
under an atmosphere of purified nitrogen or argon using standard Schlenk-line or dry-box
techniques. Glassware was dried at 150 °C overnight before use. 'h, '^C, DEPT and H-
C COSY NMR spectra were acquired at Bruker DPX-300 spectrometers (300 MHz for
'H and 75 MHz for '^C). The '^C NMR spectra were run with 'H decoupling, 'h and '^C
chemical shifts (8) were reported relative to tetramethylsilane(TMS), and were referenced
to residual peaks of the solvents as follows: 'H NMR, CDCI3, 7.27, singlet; CfA,, 7. 16,
singlet; CD2CI2, 5.32, triplet; d8-THF, 3.58, singlet; d6-acetone, 2.05, quintet; '^C NMR,
CDCI3, 77.23, triplet; CfA,, 128.39, triplet; CD2CI2, 54.00, quintet. Significant 'H NMR
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data were tabulated in order, unless otherwise indicated: ciiemieal sliifts, multiplicity (s,
singlet; d, doublet; dd, doublet of doublet; t, triplet; q, quartet, sept, septet; m, multiplet;
b, broad), and number of protons.
THF, toluene, diethyl ether, benzene and hexanes were purchased from Aldrich as
air and moisture free solvents and passed sequentially through columns of activated
alumina (LaRoche A-2) and Q-5 supported redox catalyst (Engelhard CU-0226S) under a
prepurified nitrogen atmosphere.59 CH2CI2 and pentane were dried over CaHz and
vacuum-transferred prior to use. All starting materials were used directly as received
from Aldrich, unless otherwise noted. All deuterated solvents were obtained from
Cambridge Isotope Laboratory, dried and degassed twice, then stored under nitrogen in a
dry-box before use. Listed melting points values were obtained from capillary tube tests
and were uncorrected. Unless otherwise noted, volatiles in the air- and moisture-
sensitive reactions were removed under full Schlenk line vacuum (approximately 0.02
Torr). Vacuum sublimations were carried out under the same vacuum.
Elemental analyses were performed by the Microanalytical Laboratory of
University of Massachusetts at Amherst. Electron spin resonance (ESR) spectra were
obtained using a Bruker ESP-300 spectrometer with computer interface for spectral
accumulation and workup. GC/MS measurements were obtained on a Hewlett-Packard
5890 Series II Gas Chromatograph in line with a 5972 Series Mass Selective Detector.
This equipment is equipped with a polysiloxane capillary column and its carrier gas is
ultra pure grade helium. The following compounds were synthesized and purified
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according to literature: 2-(tosyloxy)tropone 60 2-(isopropylamino) tropone,3l N,N'
di(2,6-diisopropylphenyl)-P-IAM (23d) 49 N,N'-dimethyl-p-IAM (23e),5l
ZrCl4«2THF6l and TiCl4«2THF.61
2.7.2 Aminoimine ligands
N,N'-diisopropyI-aminotroponimine (20a). TiCU toluene solution (14.5mL,
1 .OM, 14.5 mmol) was slowly added to a toluene (20 mL) solution of 2-(tosyloxy)tropone
(2.00g, 7.2 mmol) under argon. The mixture became black-red slurry immediately. The
black-red slurry was added through a big cannula to a solution of isopropylamine (15.0
mL, 176.
1 mmol), DABCO (3.25 g, 29.0 mmol) and toluene (60 mL) at 80 °C. More
isopropylamine (13 mL, 152.6 mmol) was added afterwards. The mixture was heated to
100 °C, stirred overnight and filtered. The volatiles of brown-red filtrate were removed
under vacuum. The residue was extracted into n-hexane and filtered through Celite. The
filtrate was concentrated to obtain a brown-yellow crystal. Vacuum sublimation at 35 °C
afforded 1.1 5g (85.2%) of 20a as a yellow crystal, mp: 58-60 °C. 'h NMR (CDCI3): 5
1.25 (d, 12H), 3.80 (sept, 2H), 6.08 (t, IH), 6.28 (d, 2H), 6.71 (t, 2H). ''C{ 'H} NMR: 6
22.8,45.8, 109.6, 117.0, 132.6, 151.4.
Attempted synthesis of 20a through Dias' procedure.34 Method (a). To a
CH2CI2 solution of 2-(isopropylamino)tropone (3.0 g, 18.4 mmol), 19.5 mL of Et30»BF4
solution (1.0 M in CH2CI2, 19.5 mmol) was added dropwise. After stirring for 3 hours,
isopropylamine (20 mL, 235 mmol) was slowly added to the brown solution. The
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ion were
mixture was stirred for 2 hours, and then the voiatiles were removed under vacuum. The
residue was found to be a mixture of and 20a through NMR analysis. A yellow crystal,
which was identified as pure 2-(isopropylamino)tropone, was obtained fn
recrystallization in hexanes. The solvents in mother-liquor of recrystallizat.
removed under vacuum to obtain 0.2 g (5%) of 20a with little impurities as a yellow
powder. Method (b). The procedure of (a) was again applied using 1
.67g 2-
(isopropylamino)tropone (9.9 mmol), 4.41 g EtaO-SbCU (10.1 mmol), 15 mL
isopropylamine and 25 mL CH2CI2. After reaction, the voiatiles were removed under
vacuum to obtain a brown solid, which was a mixture with little product. Sequential
extractions into hexanes, ether and CDCI3 could not isolate 20a from the mixture.
Vacuum sublimation at 50 °C failed to obtain a pure product.
Attempted Synthesis of N,N'-di(o-methylphenyl)-aminotroponimine. Step
(a). Synthesis of 2-(o-toluidino)tropone.26 A 100 mL flask was charged with 3.5 g 2-
(tosyloxy)tropone (12.7 mmol), 1.9 g o-toluidine, 2.7 mL triethylamine and 40 mL
anhydrous ethanol. The mixture were heated to reflux and stirred for 2 days. The
resulting brown solution was concentrated under vacuum, then dissolved in 60mL ether,
washed consecutively with aqueous saturated ammonium chloride solution and aqueous
sodium chloride solution and concentrated. The residue was dissolved in water/hexanes
mixture. The organic layer was separated and dried over MgS04. The voiatiles were
removed under vacuum to yield 1
.05g (39. 1 %) 2-((9-toluidino)tropone. The product was
used in step (b) without further purification. 'H NMR (d6-acetone): 8 2.23 (s, 3H), 6.71
(m, 2H), 7. 1 1 -7.33 (m, 7H), 8.58 (b, 1 H). Step (b). To a CH2CI2 solution of 2-(o-
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toluidino)tropone (0.5 g, 2.4 mmol), 2.5 mL of EI3O.BF4 solution ( 1 .0 M in CH^Ch, 2.5
mmol) was added dropwise. After stirring for 3 hours, o-toliudine (0.5 g, 4.8 mmol) was
slowly added to the brown solution. The mixture was stirred overnight at 50 "C, after
which the volatiles were removed under vacuum. No useful product was isolated from
the residue.
N,N'-dimethyl-aminotroponimine (20b). The procedure described for
preparing 20a was applied with some modification, using 14.5 mLTiCU solution (1.0 M
in toluene, 14.5 mmol), 2.00 g 2-tosyIoxylropone (7.2 mmol), 8.7 mL melhylamine (2.0
M in THF, 17.4 mmol), 3.25 g DABCO (29.0 mmol) and 80 mL toluene. After being
stirred at 100 "C overnight, the volatiles were removed under vacuum. The left residue is
brown-red. It was extracted into CH2CI2 and filtered through Celite. The filtrate was
stirred with 4 mL Et.^N for two hours, then the volatiles were removed by vacuum. The
left brown-orange powder was extracted into n-hexane and filtered through Celite. The
filtrate was concentrated to a brown yellow solid. Vacuum sublimation at 40 "C afforded
0.25 g (23.3%) of 20b as a yellow crystal, mp: 59-60 °C. 'H NMR (CDCI3): 5 3.13 (s,
6H), 6.18 (t, IH), 6.29 (d, 2H), 6.80 (t, 2H). ''C{ 'H} NMR: 5 33.5, 1 10.1, 1 18.0, 133.3,
154.8.
N,N'-di(^-butyI)-aininotroponiinine (20c). The procedure described for the
synthesis of 20b was applied, using 14.5 mLTiCU solution (1.0 M in toluene, 14.5
mmol), 2.00 g 2-tosyloxytroponc (7.2 mmol), 18mL /-butylamine (171.3 mmol), 3.25 g
DABCO (29.0 mmol) and 80 mL toluene. After stirring at 100 "C overnight, the volatiles
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were removed under vacuum. The left residue is brown-red. It was extracted into CH.Cl,
and filtered through Celite. The filtrate was stirred with 6 mL Et.N for two hours, then
the volatiles were removed by vacuum. The left brown-yellow powder was extracted into
n-hexane and filtered through Celite. The filtrate was concentrated to a brown yellow
solid. Vacuum sublimation at 40 °C afforded 0.5 Ig (30.3%) of 20c as a yellow crystal,
mp: 73-76 °C. 'h NMR (CDCI3): 5 1.44 (s, 18H), 6.07 (t, IH), 6.54 (d, 2H), 6.68(t, 2H),
8.24 (b, IH). '^Ci'H} NMR: 5 29.8, 52.2, 112.0, 113.7, 131.6, 152.4. Anal. Calcd. for
C,5H24N2: C, 77.53; H, 10.41; N, 12.06. Found: C, 77.30; H, 10.41; N, 11.84.
N,N'-dibenzyl-aminotroponimine (20d). The procedure described for the
synthesis of 20b was applied, using 14.5 mLTiCU solution (1.0 M in toluene, 14.5
mmol), 2.00 g 2-tosyloxytropone (7.2 mmol), 16mL benzylamine (146.0 mmol), 3.25 g
DABCO (29.0 mmol) and 60 mL toluene. After being stirred at 100 "C overnight, the
volatiles were removed under vacuum. The left residue is brown-yellow. It was extracted
into CH2CI2 and filtered through Celite. The filtrate was stirred with 10 mL Et.^N for two
hours, then the volatiles were removed by vacuum. The left brown-yellow powder was
extracted into n-hexane and filtered through Celite. The filtrate was concentrated to a
brown-yellow solid. Vacuum sublimation at 60 °C decomposed part of the product.
Recrystallization from hexane and/or methanol yielded 0.72g (33. 1%) of 20d as a yellow
crystal, mp: 82.5-83.5 °C. 'H NMR (CD2CI2): 5 4.60 (s, 4H), 6.20 (t, IH), 6.40 (d, 2H),
6.79 (t, 2H), 7.23-7.39 (m, 10H),8.21 (b, IH). '^C{ 'H} NMR: 8 50.7, 111.5, 119.0,
127.3, 129.9, 129.0, 133.8, 140.5, 153.8. Anal. Calcd. for C21H20N2: C, 83.96; H, 6.7 1;N,
9.32. Found: C, 83.83; H, 6.77; N, 9.32.
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Attempted synthesis of N,N'.dicyclohexyl-aminotroponimine. The procedure
described for the synthesis of 20b was applied, using 14.5 mL TiCU solution (1.0 M in
toluene, 14.5 mmol), 2.00 g 2-tosyloxytropone (7.2 mmol), 5.81 g cyclohexylamine (58.7
mmol), 3.25 g DABCO (29.0 mmol) and 80 mL toluene. After being stirred at 100 °C
overnight, the volatiles were removed under vacuum. The left residue is brown-green. It
was extracted into CU^Ch and mixed with 50 mL water. The organic layer was separated
and dried over CaCb, after which the volatiles were removed under vacuum. The residue
was distilled through Kugelrohr at 1 10 °C and 30 mTorr to yield a yellow oil, which is
impure product. Separation through alumina column, using 4: 1 mixture of n-hexane and
ether as eluent, afforded 0.16 g (7.9%) of N,N'-dicyclohexyl-aminotroponimine as a
yellow oil, which is 90% pure through GC/MS and NMR analysis. Major peaks in 'H
NMR (CDCI3): 8 1.41 (m, lOH), L63-L90 (m, lOH), 3.52 (b, 2H), 6.06 (t, IH), 6.29 (d,
2H), 6.69 (t, 2H).
2-anilinotropone (21). A 100 mL flask was charged with 2-(tosyloxy)tropone
(2.00g, 7.2mmol), fresh distilled aniline (1.69g, 18.2 mmol), hydrochloride acid (37%,
0.6 mL, 7.4 mmol) and anhydrous ethanol (40 mL). A reflux condenser was attached and
the white slurry mixture was then heated to reflux. The mixture became transparent and
orange slowly. After refluxing for a day, the volatiles were removed under vacuum. To
the left orange solid were added 30 mL CH2CI2 and 20 mL saturated sodium carbonate
solution. After stirred over an hour, the organic layer was separated and dried over
calcium chloride, after which the volatiles were removed under vacuum. After the
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unreacted aniline was removed through vacuum distillation at room temperature, the left
orange oil gave 1.30g (91.0%) of 21. Vacuum sublimation at 60 °C afforded compound
21 as a yellow crystal, 'h NMR (CDCI3): 6 6.78 (t, IH), 7.10-7.47 (m, 9H), 8.77 (b, IH)
Anal. Calcd. for CnHnNO: C, 79.18; H, 5.62; N, 7.10. Found: C, 78.44; H, 5.48; N,
6.96.
Attempted synthesis of N,N'-diphenyl-aminotroponimine. Method (a). The
procedure described for the synthesis of 20b was applied, using 9.0 mL TiCU solution
(1.0 M in toluene, 9.0 mmol), 1.20 g 2-tosyloxytropone (4.34 mmol), 3.28 g fresh
distilled aniline (35.2 mmol), 1 .95 g DABCO ( 1 7.4 mmol) and 60 mL toluene. After
stirring at 100 °C overnight, the volatiles were removed under vacuum. The left residue
is brown-yellow. It was extracted into CH2CI2 and filtered through Celite. The filtrate
was concentrated and yielded a brown-yellow solid. Through NMR and GC/MS analysis,
it is impure 2-anilinotropone. Method (b). To a 100 mL Schlenk flask, 1.05 g DABCO
(9.32 mmol), 1.3 g aniline (13.2 mmol), 5.0 mL TiCU (1.0 M in toluene, 5.0 mmol), 0.92
g 2-anilinotropone (21, 4.66 mmol) and 50 mL toluene were added. The mixture was
heated to 100 °C and stirred overnight. The mixture was Altered and the insoluble power
was extracted into CH2CI2. Afterwards, the CH2CI2 extract was mixed with 10 mL water.
The CH2CI2 solution was separated, dried over CaCb and then concentrated to give a
dark-yellow solid, which is almost pure 2-aminotropone (21). Method (c). A 100 mL
flask were charged with 2-(tosyloxy)tropone (2.00g, 7.2mmol), fresh distilled aniline
(1.69g, 18.2 mmol), hydrochloride acid (37%, 0.6 mL, 7.4 mmol) and anhydrous ethanol
(40 mL). A reflux condenser was attached and the white slurry mixture was then heated
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to reflux for 30 days. The volatiles were removed under vacuum and the residue was
extracted into ether. The ether extract was concentrated to yield 1 .3 Ig yellow brown
solid, which is impure 2-anilinotropone through GC/MS analysis.
N-isopropyl-N'-phenyl-aminotroponimine hydrochloride (22). To 100 mL
Schlenk flask, DABCO (1.77g, 15.8 mmol), toluene (40 mL) and isopropylamine (5.0
mL, 58.7 mmol) were added and heated to 90 °C. Afterwards, a TiCU solution (7.9 mL,
1 .OM in toluene, 7.9 mmol) was added dropwise through a gas-tight syringe. A red
precipitate rapidly formed and became yellow slurry while stirring. To the mixture, a
toluene solution of 21 (1.30g in 10 mL toluene, 6.59 mmol) was added. The mixture was
heated to 100 °C and became deep-red quickly. Its color turned to deep-black after
stirred overnight. The volatiles were removed under vacuum to give a grey-black powder.
The residue was extracted into CH2CI2 and filtered through a Celite. The filtrate was
concentrated to about 15 mL and precipitated in 250 mL ether. The orange-yellow
precipitated was dissolved again in CH2CI2 and reprecipitated into 200 mL ether to afford
a orange-yellow fine crystal. The fine crystal was filtered out and dried under vacuum to
give 1
.69g (93.3%) of 22. Further purification could be achieved though recrystallization
in CH2CI2. mp: 195-198 °C (decomposed). 'H NMR (CDCI3): 6 1.64 (d, 6H), 4.15 (sept,
IH), 7.01 (t, IH), 7.13 (d, IH), 7.26-7.47 (m, 7H), 7.57 (t, IH), 10.26 (b, IH), 1 1.9(b,
IH). '^C{'H}NMR:5 21.4(CH3),48.0(CH), 118.6(CH), 120.6 (CH), 125.2 (CH),
127.4 (CH), 128.2 (CH), 130.1 (CH), 137.7 (C), 139.0 (CH), 140.1(CH), 150.8 (C), 151.6
(C). Anal. Calcd. for C16H19N2CI: C, 69.93; H, 6.97; N, 10.19; CI, 12.90. Found: C,
69.82; H, 6.83; N, 10.22; CI, 13.10.
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N,N'-diphenyl-p.iminoaniine (23a). The procedure described for the synthesis
of 20a was applied here, using 0.58 mL TiCU (5.3mmoI), 0.25 mL acetylacetone (2.4
mmol), 0.45g aniline (4.8 mmol), 1.62 g DABCO (14.4 mmol) and 25 mL toluene. The
mixture was heated to reflux and stirred overnight. After filtration, the volatiles in the
grey-orange filtrate were removed under vacuum. The residue was recrystallized in n-
hexane to give 0.3 Ig (51.5%) of 23a as a pale crystal, mp. 49-50 °C. 'h NMR (CDCh):
6 1.99 (s, 6H), 4.86 (s, IH), 6.92 (d, 4H), 6.95 (t, 2H), 7.28 (t, 4H), 12.69 (b, IH).
N,N'-di(2-methylphenyl)-|3-iminoamine (23b). To a 100 mL flask,
acetylacetone (1.0 mL, 9.7mmol), o-toluidine (2.29g, 21.3 mmol), hydrochloride acid
(37%, 0.8 mL, 9.7 mmol) and anhydrous ethanol (40 mL) were added. A reflux
condenser was attached on the flask and the solution was heated to reflux. After
refluxing for three days, the volatiles were removed under vacuum. To the light-yellow
residue, 30 mL CH2CI2 and 20 mL saturated sodium carbonate solution were added.
After stirred over half an hour, the organic layer was separated and dried over calcium
chloride. After filtration, the volatiles were removed under vacuum. After unreacted o-
toluidine was removed through Kugelrohr distillation at 40 °C and 200 mTorr, the left
viscous oil was recrystallized in /z-hexane to yield 0.97g (35.9%) of 23b as a light yellow
crystal, mp: 37-37.5. 'H NMR (CDCI3): 5 1.92 (s, 6H), 2.21 (s, 6H), 4.92 (s, IH), 6.93
(d, 2H), 6.99(m, 2H), 7.17 (m, 4H). '^C{'H} NMR: 8 18.5, 21.0, 96.7, 123.2, 123.8,
126.3, 130.5, 130.9, 144.8, 159.9. Anal. Calcd. for C19H22N2: C, 81.97; H, 7.96; N,
10.06. Found: C, 8 1 .80; H, 7.86; N, 10.01
.
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N,N'-di(2,6-dimethylphenyl)-P-iminoamine (23c). The procedure described for
the synthesis of 23b was applied here, using acetylacetone (1 .0 mL, 9.7mmol), 2,6-
dimethylaniline (2.58g, 21.3 mmol), hydrochloride acid (37%, 0.8 mL, 9.7 mmol) and
anhydrous ethanol (40 mL). The same procedure was followed, except the Kugelrohr
distillation was heated at 80 °C and 100 mTorr. The collected product is 1.89g (63.6%)
of 23c as a colorless crystal, mp: 81.5-82.5 °C. 'H NMR (CDCI3): 8 1.72 (s, 6H), 2.20 (s,
12H), 4.91 (s, IH), 6.95-7.08 (m, 6H). '^C{'H} NMR: 5 18.6, 20.5, 93.5, 124.4, 127.9,
132.3, 143.9, 161.0. Anal. Calcd. for C21H26N2: C, 82.31; H, 8.55; N, 9.14. Found: C,
82.12;H, 8.40; N, 9.06.
N,N'-di(2,6-diisopropylphenyl)-P-iminoamine dimer (23f). To a THF solution
of N,N'-di(2,6-diisopropylphenyl)-|3-iminoamine (23d) (0.82g, 2.0 mmol) in -78 °C bath,
1.25mL «-BuLi solution (1.6 M in hexanes, 2.0 mmol) was added. The mixture was
warmed to 0 °C and stirred for an hour. The mixture was added dropwise over several
minutes to a solution of TiCl4*2THF (0.67g, 2.0 mmol) in 20 mL THF at -78 °C. The
color of solution slowly changed from gray-green to black-green. The -78 °C bath was
allowed to warm up to room temperature over 16 hours. The mixture was further stirred
at room temperature for 5 hours and then filtered through a Celite layer. The volatiles in
filtrate were removed under vacuum. The residue was extracted into ether. Removing
solvent from ether extract afforded 0.82g (100%) of 23f with very little impurities.
Recrystallization in pentane yielded a light-gray crystal of 23f. mp: 301-304 °C
(decomposed). 'H NMR (CDCI3): 8 1.14 (apparent t, 48H), 1.78 (s, 12H), 3.18 (sept, 8H),
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7.13 (apparent s, 12H) 13.40 (b, 2H). '^Cf'H} NMR: 5 19.0(CH3), 23.3 (CH,), 24.1
(CH3), 28.5(CH), 103.7(C), 123.3 (CH), 125.1(CH), 141.4 (C), 142.4 (C), 163.0 (C).
Anal. Calcd. for C58H82N4: C, 83.40; H, 9.89; N, 6.71. Found: C, 83.29; H, 10.17; N,
6.58
2.7.3 Aminoiminate metal complexes
N,N'-diinethyl-P-IAM-ZrCl3«THF (24a). A THF solution (25 mL) of N,N'-
dimethyl-p-IAM (23e) (0.25 g, 2.0 mmol) was chilled in -78 °C bath. To the solution,
0.8 mL n-BuLi solution (2.5 M in hexanes, 2.0 mmol) was added dropwise. The mixture
was warmed to 0 °C and stirred for an hour. The mixture was added dropwise over
several minutes via a cannula to a solution of ZrCl4»2THF (0.75g, 2.0 mmol) in 25mL
THF at -78 °C. The mixture became yellow quickly. The mixture was allowed to warm
up to room temperature over 8 hours and further stirred at room temperature overnight,
after which the volatiles were removed under vacuum to yield an orange-yellow solid.
The residue was extracted into CH2CI2 and filtered. The filtrate was concentrated and
kept in -35 °C freezer overnight. A yellow powder was precipitated out to yield 0.39 g
(49.4%) of 24a. 'H NMR (CDCI3): 6 1.94 (b, 4H), 2.09 (s, 6H), 3.47 (s, 6H), 4.05 (b,
4H), 5.54 (s, IH). '^Ci'H} NMR: 6 22.5, 25.8, 76.5, 40.7, 108.2, 167.2. Anal. Calcd. for
CiiH2iN20ZrCl3: C, 33.46; H, 5.36; N, 7.09; CI, 26.93. Found: C, 33.24; H, 5.35; N,
7.15; CI, 26.74.
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N,N'.diphenyI.p.IAM-ZrCl3.THF (24b). The procedure described for the
synthesis of 24a was applied here, using 0.26 g N,N'-diphenyl-p-IAM (23a, 1 .04 mmol),
0.65 mLn-BuLi (1.6 M in hexanes, 1.04 mmol), 0.39 g ZrC14.2THF (1.04 mmol) and 25
mL THF. After reaction, the volatiles were removed under vacuum to yield an orange
solid. The residue was extracted into toluene and filtered. The filtrate was concentrated
to about 10 mL and precipitated into 40 mL pentane. The yellow precipitate was filtered
out and dried under vacuum to afford 0. 19g (35.2%) of 24b as a yellow powder. The
product was recrystallized to give a yellow-orange needle crystal by the diffusion of
pentane into toluene at room temperature. 'H NMR (CDCI3): 5 1 .69 (b, 4H), 1 .80 (s, 6H),
3.90 (b, 4H), 5.64 (s, IH) 7.27-7.44 (m, lOH). ''C{'H} NMR: 6 24.8 (CH3), 25.4 (CH2),
77.4 (CH2), 107.0 (CH), 127.0 (CH), 128.1 (CH), 129.2 (CH), 146.1 (C), 168.1(C). Anal.
Calcd. for CsiHz.^NzOZrCb: C, 48.60; H, 4.85; N, 5.39; CI, 20.49. Found: C, 48.34; H,
4.60; N, 5.23; CI, 20.73.
N,N'-di(2-methyIphenyl)-P-IAM-ZrCl3«THF (24c). The procedure described
for the synthesis of 24a was applied here, using 0.28 g N,N'-di(2-methylphenyl)-p-IAM
(23b, 1 .0 mmol), 0.63mL n-BuU ( 1 .6 M in hexanes, 1 .0 mmol), 0.38 g ZrCl4«2THF ( 1 .0
mmol) and 50 mL THF. After reaction, the volatiles were removed under vacuum to
yield an orange-yellow solid. The residue was extracted into toluene, and the extract was
concentrated to about 5 mL and kept in -35 °C freezer overnight. A bright green-yellow
powder was precipitated out. The green-yellow powder was collected through filtration to
afford 0. 17g (3 1 . 1 %) of 24c. The product of 24c is perhaps a mixture of isomers
(rotamers) because its peaks in 'H NMR are broad and '^C NMR shows more peaks than
71
a single structure. 'H NMR (CDCI,): 5 1.77 (b, lOH), 2.24(b, 3H), 2.31 (b, 3H), 3.93 (b,
4H), 5.79 (b, 4H), 7.19-7.40(m. 8H). "ci 'H} NMR: 5 18.6, 18.8, 24.8, 25.6, 75.8, 76.3,
107.5, 126.5, 127.2, 127.9, 129.1, 131.5, 145.0. Anal. Calcd. for C,,H«N,OZrCl,: C,
50.50; H, 5.34; N, 5. 1 2; CI, 1 9.44. Found: C, 50.7 1 ; H, 5.32; N, 5. 1 0; CI, 19.69.
ure
N,N'-di(2,6-dimethyIphenyl)-p.IAM-ZrCl3«THF (24d). The procedi
described for the synthesis of 24a was appHed again, using 0.31 g N,N'-di(2,6-
dimethyIphenyl)-p-IAM (23c, 1.0 mmol), 0.63mL«-BuLi (1.6 M in hexanes, 1.0 mmol),
0.38 g ZrCl4-2THF ( 1 .0 mmol) and 50 mL THF. After reaction, the volatiles were
removed under vacuum to yield a yellow solid. The residue was extracted into toluene,
and the extract was concentrated to about 10 mL. The diffusion of hexanes into
concentrated toluene solution gave 0.22 g mixture of orange crystal and yellow powder,
which was found to be impure 24d through NMR analysis. The mother-liquor of the
recrystallization in toluene/hexanes was collected and lOmL hexanes was added to it,
after which it was kept in -35 °C freezer overnight. A yellow powder was precipitated
out. The powder was collected and dried under vacuum to afford 0.18 g (32.0%) of pure
24d. 'H NMR (CDCI3): 5 1.77 (s, 6H), 1.83 (b, 4H), 2.34 (s, 12H), 3.97 (b, 4H), 5.91 (s,
IH), 7.10 (apparent s, 6H). '^C{'H} NMR: 8 19.8, 24.7, 25.4, 77.7, 107.3, 126.9, 129.0,
134.7, 144.5, 169.3. Anal. Calcd. for C25H33N20ZrCl3: C, 52.21; H, 5.78; N, 4.87; CI,
1 8.49. Found: C, 52.44; H, 5.88; N, 4.6 1 ; CI, 1 8.7 1
.
N,N'-di(2,6-diisopropyIphenyI)-p-IAM-ZrCl3«THF (24e). The procedure
described for the synthesis of 24a was applied here, using 0.42 g N,N'-di(2,6-
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diisopropylphenyl)-P-IAM (23d, 1.0 mmol), 0.63mLn-BuLi (1.6 M in hexanes, 1.0
mmol), 0.38 g ZrCl4.2THF (1.0 mmol) and 50 mL THF. After reaction, the volatiles
were removed under vacuum to yield a yellow solid. The residue was extracted into 20
mL toluene and the red-orange extract was concentrated to about 8 mL. Hexanes were
allowed to diffuse into the concentrated toluene solution at room temperature. A yellow
crystal formed in the solution of toluene/hexanes mixture. The crystal was collected,
washed by hexanes and dried under vacuum to afford 0.46 g of 24e. X-ray quality
crystals were grown from diffusion of hexanes into the toluene solution of product at -35
°C. mp: 170 °C (decomposed), 'h NMR (CDCI3): 5 1.10 (d, 12H), 1.38(s, 12H), 1.80 (b,
4H), 1.93 (s, 6H), 3.32 (sept, 4H), 4.01 (b, 4H), 5.81 (s, IH), 7.28 (m, 6H). '^Cf 'H}
NMR: 5 24.6 (CH3), 25.2(CH2), 25.7(CH3), 26.7 (CH3) 28.9 (CH), 76.4 (CH2), 105.3
(CH), 124.6 (CH), 127.5 (CH), 144.0 (C), 145.1 (C), 169.6 (C). Anal. Calcd. for
C33H49N20ZrCl3: C, 57.66; H, 7.18; N, 4.08; CI, 15.47. Found: C, 57.64; H, 7.1 1; N,
3.96; CI, 15.54.
Attempted synthesis of N,N'-di(2,6-diisopropyIphenyl)-p-IAM dimer-Zr
complex. Method (a). The procedure described for the synthesis of 24a was again
applied, using 0.42 g N,N'-di(2,6-diisopropylphenyl)-P-IAM dimer (23f, 0.5 mmol),
0.63mL n-BuLi (1.6 M in hexanes, 1.0 mmol), 0.38 g ZrCl4»2THF (1.0 mmol) and 20
mL THF. After reaction, the volatiles were removed under vacuum to yield 0.48 g brown
solid, which is impure 23f through NMR study. Method (b). To a 25 mL Schlenk flask,
0.30 g N,N'-di(2,6-diisopropylphenyl)-P-IAM dimer (23f, 0.36 mmol), 0.19 g Zr(NMe2)4
(0.72 mmol) and 10 mL toluene were added. The mixture was heated to 1 10 °C and
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stirred for 20 hours, after which the voialiies were removed under vacuum. The residue
was found to be unreactcd P-IAM dimer. Method (c). A THF solution of 168 mg t-
BuOK (1.5 mmol) and 152 mg diisopropylamine (1.5 mmol) was chilled to -78 "C, after
which 0.75 mL n-BuLi (1.6 M in hexanes, 1.2 mmol) was added dropwise. The mixture
was stirred over 5 minutes and then added to the THF solution of 23f (0.42 g, 0.5 mmol)
at
-78 °C. The reaction solution became brown-red quickly. It was allowed to warm up
to room temperature and stirred for one hour. The mixture was added dropwise to a THF
solution of 0.38 g ZrCl4-2THF ( 1 .0 mmol) at -78 °C. The mixture was warmed up to 0
°C over 2 hours and stirred at room temperature overnight, after which the volatiles were
removed under vacuum to yield a light-yellow powder, which was found to be impure
compound of 23f.
Bis(N,N'-diisopropyl-ATI)-ZrCl2 (25). An ether solution (20 mL) of N,N'-
diisopropyl-ATI (20a) (0.15 g, 0.73 mmol) was chilled in -78 "C bath. To the solution,
0.3 mL «-BuLi solution (2.5 M in hexanes, 0.75 mmol) was added dropwise. The
mixture was warmed to 0 °C and stirred for an hour. The mixture was then added
dropwise over several minutes to a solution of ZrCl4»2THF (0.28 g, 0.74 mmol) in 20mL
toluene at -78 °C. The mixture was allowed to warm up to room temperature over 4
hours and further stirred at room temperature overnight, after which the volatiles were
removed under vacuum to yield a brown-red solid. The residue was extracted into
benzene and the extract was concentrated to 5 mL. Hexanes were allowed to diffuse into
benzene solution at room temperature. An orange-red crystal was grown from the
benzene/hexanes mixture after a day. The crystal was collected and dried under vacuum
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to yield 0.06 g (28.9%) of 25. 'h NMR (QD,): 5 1.43 (d, 24H), 4.77 (b, 4H), 6.25 (m,
2H), 6.72 (m, 8H).
-C{'H} NMR: 6 20.4, 52.3, 117.8, 122.6, 134.2, 164.6. Anal. Calcd,
for C26H38N4ZrCl2: C, 54.91; H, 6.73; N, 9.85; CI, 12.47. Found: C, 54.56; H, 6.78; N,
9.62; CI, 12.95.
Attempted synthesis of N,N'-diisopropyI-ATI.ZrCl3 from complex 25. To ,
25 mL Schlenk flask, 60 mg bis(N,N'-diisopropyl-ATI)-ZrCl2 (25, 0.1 Immol), 40 mg
ZrCl4*2THF and 10 mL toluene were added. The mixture was stirred for 2 days, after
which the volatiles were removed under vacuum. Through NMR analysis, the residue
was found to be a mixture of ZrCl4«2THF and complex 25. There was no
disproportionation reaction between these two compounds.
N,N'-diisopropyI-ATI-ZrCl3«THF (26). Step (a). In dry-box, a 25 mL Schlenk
flask was charged with 0.27 g Zr(NMe2)4 (1.0 mmol), 0.20 g N,N'-diisopropyl-ATI
(20a, 1.0 mmol) and 10 mL toluene. The yellow mixture was heated to reflux and stirred
for 8 hours. During this period, the color of mixture turned orange. The volatiles were
removed under vacuum to yield a yellow oil, which was used in next step without
purification. Step (b). The yellow oil from step (a) was dissolved in 20 mL toluene. To
the toluene solution, 3.0mL TMSCl (23.6 mmol) was added. After stirred over several
minutes, a yellow powder was precipitated out from the mixture. The yellow slurry was
stirred for 10 hours and then filtered. The yellow powder was collected and redissolved
in THF. Pentane was allowed to diffuse into the THF solution in -35 °C freezer. A
yellow crystal was obtained after several days. The crystal was collected to afford 0.33 g
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(69.8%) of 26. 'H NMR (CDCI3): 6 1.60 (d, 12H), 1.90 (m, 4H), 4.09 (m, 4H), 4.96 (sept,
2H), 6.83 (t, IH), 7.06 (d, 2H), 7.34 (t, 2H). '^C{ 'H} NMR: 6 20.3, 25.7, 53.4, 74.3,
119.0, 126.2, 136.0, 165.3. Anal. Calcd. for C,7H27N20ZrCl3: C, 43.17; H, 5.75; N, 5.92;
CI, 22.49. Found: C, 42.85; H, 5.64; N, 5.63; CI, 22.82.
Attempted synthesis of N,N'-dimethyl-P-IAM-Ti complex. To A THF
solution of 0.25 g N,N'-dimethyl-|3-IAM (23e, 2.0 mmol) at -78 °C, 1 .3 mL n-BuU
solution (1.6 M in hexanes, 2.0 mL) was added dropwise. The mixture was warmed to 0
°C and stirred for one hour. A THF solution of 0.67 g TiC14«2THF (2.0 g) was chilled to
-78 °C and then the solution of the deprotonated P-IAM was added to it via a cannula.
The mixture was allowed to warm up to 0 °C overnight, after which the volatiles were
removed under vacuum. The residue was extracted into CH2CI2 and filtered through a
Celite layer. The filtrate was concentrated to yield a deep-purple powder. Through NMR
study, the residue is a mixture and not our targeted complex. All peaks in its NMR
spectra were very broad and a broad peak was found at 3410 gauss in ESR spectrum,
which may indicate that Ti(IV) was reduced to form Ti(III) complexes.
N,N'-dimethyl-(3-IAM-Ti(NMe2)Cl2 (27a). Step (a). A 25 mL Schlenk flask
was charged with 0.45g Ti(NMe2)4 (2.0 mmol), 0.25g N,N'-dimethyl-P-IAM (23e, 2.0
mmol) and 10 mL toluene. The yellow mixture was stirred in dry-box for 8 hours, during
which its color slowly changed to red. The volatiles were removed under vacuum to give
0.66 g of red crystal, which was used in the next step without further purification. Step
(b). The red crystal from step (a) was dissolved in 20 mL toluene. To the toluene solution
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3.0 mL TMSCI (23.6 .nniol) was added. The .nixlure became dark-brown quickly. Alter
stirred for 2 hours, the mixture was dried under vacuum to alTord 0.58 g (100%) of 27a as
a red-brown powder. 'll NMR (CD^Cb): 5 2.15 (s, 611), 3.36 (s, 611), 3.63 (s, 611), 5.68
(s, 111). '^Cril) NMR: 8 21.7, 42.0, 48.4, 107.1, 1 63.7. Anal. Caled. for C.,ll„N,TiCb:
C, 37.52; H, 6.65; N, 14.59; CI, 24.61. Found: C, 37.76; H, 6.68; N, 14.42; CI, 25.00.
Aftcmpted synthesis of N,N'-climetliyl-(i-IAM-TiCI,. The red crystal from step
(a) in the synthesis of 27a was dissolved in 20 mL toluene. To the toluene solution, 3.0
mL TMSCI (23.6 mmol) was added. The mixture was heated to 105 "C and stirred for 10
hours, after which the volatiles were removed under vacuum. Through NMK analysis, it
was found that the residue was not our targeted coinplcx. No complex 27a was detected
as well.
N,N'-diphenyl-P-IAM-Ti(NMe2)Cl2 (27b). Step (a). A 25 mL Schlenk flask
was charged with 0.55 g Ti(NMe2)4 (2.5 mmol), 0.55 g N,N'-diphenyl-(MAM (23a, 2.2
nuiiol) and 20 mL toluene. The mixture was heated to reflux for 3 hours and its color
slowly changed to dark red. The volatiles were removed under vacuum to give a dark red
oil, which was used in the next step without purification. Step (b). The dark red oil from
step (a) was dissolved in 10 niL toluene. To the toluene solution, 3.0 mL TMSCI (23.6
mmol) was added. After being stirred for 7 hours, the volatiles were remove under
vacuum and the residue was extracted into 10 niL (oluene and 2 mL CH2CI2. Tiic extract
was added slowly to 50 mL pentane. A gray-brown powder was precipitated out from the
mixture. The powder was collected through filtration and dried under vacuum to yield
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1 g (56.2%) of 27b. Recrystallization in toluene at ^0 °C afforded a brown fine
crystal, NMR (CD^Cl,): 5 2.09 (s, 6H), 3.13 (s, 6H), 5.77 (s, IH), 7.23 (m, 6H), 7.37
(m,4H). '-^Ci'H} NMR: 5 22.5, 47.2, 100.9, 124.7, 126.9, 129.3, 148.3, 160.4. Anal.
Calcd. for C,9H23N3TiCl2: C, 55.36; H, 5.62; N, 10.19; CI, 17.20. Found: C, 55.07; H,
5.41; N, 9.91; CI, 17.46.
Attempted synthesis of N,N'-di(2,6-diisopropylphenyl)-(3-IAM-Zr. To a
toluene solution of Ti(NMe2)4 (0.22 g, 1.0 mmol), N,N'-di(2,6-diisopropylphenyl)-p-
lAM (23d, 0.42 g, 1 .0 mmol) in 4 mL toluene was added. The mixture was heated to
105 °C and stirred for 24 hours, during which the yellow solution slowly changed to
brown-orange. The volatiles were removed under vacuum to give a brown-oil solid. The
residue was found to be impure 23d and there was no amine elimination reaction between
the two starting materials. The residue was redissolved in 10 mL toluene and more
Ti(NMe2)4 (0.22 g, 1 .0 mmol) was added. The mixture was heated to reflux and stirred
for 3 days; however, no reaction occurred and only starting materials were recovered.
N,N'-diisopropyl-ATI-Ti(NMe2)Cl2(28a). The procedure for the synthesis of
27b was applied here, using 0.45g Ti(NMe2)4 (2.0 mmol), 0.4 Ig N,N'-diisopropyl-ATI
(20a, 2.0 mmol), 20 mL toluene and 3.0 mL TMSCl (23.6 mmol). After two step
reactions, the volatiles in reaction mixture were removed under vacuum to yield a black-
maroon solid. The solid was dissolved in toluene and pentane was allowed to diffuse into
toluene solution in -35 °C freezer. After three days, a black-red fine crystal formed in the
toluene/pentane mixture. The fine crystal was isolated and dried under vacuum to afford
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0.65 g (88.8%) of 28a. A perfect black-maroon crystal was obtained through
recrystallization from benzene/hexanes diffusion. 'H NMR (CD2CI2): 8 1.55 (d, 12H),
3.66 (s, 6H), 4.71 (sept, 2H), 7.01 (t, IH), 7.32 (d, 2H), 7.49 (t, 2H). '-^C{ 'H} NMR: 5
21.3 (CH3), 50.5 (NCH3), 56.2 (CH), 1 17.6 (CH), 127.1 (CH), 134.8 (CH), 163.0 (C).
Anal. Calcd. for C,5H25N3TiCl2: C, 49.20; H, 6.88; N, 1 1.47; CI, 19.36. Found: C, 49.01;
H,7.03;N, 11.71; CI, 19.60.
Attempted synthesis of N,N'-diisopropyl.ATI.TiCl3. The crude product in the
synthesis of 28a was dissolved in toluene. To the toluene solution, 2.0 mL TMSCl (15.8
mmol) was added. The mixture was heated to 60 °C and stirred for 20 hours. The
volatiles were removed under vacuum to yield a black powder. The black powder was
dissolved in 10 mL CH2CI2 and then reprecipitated in 50 mL pentane. The black
precipitate was collected and dried under vacuum. Through NMR study, the black
precipitate was found to be impure N,N'-diisopropyl-ATI-TiCl3 mixed with complex 28a
and some side products. Several reprecipiations in CH2Cl2/pentane mixture could not
give pure product. Major peaks in 'h NMR (CD2CI2): 6 1.56 (d, 12H), 5.56 (sept, 2H),
6.99 (d, 3H), 7.44 (t, 2H).
Attempted synthesis of N,N'-dibenzyl-ATI-Ti(NMe2)Cl2 (28b). The procedure
for the synthesis of 27b was applied here, using 0.15 g Ti(NMe2)4 (0.67 mmol), 0.15 g
N,N'-dibenzyl-ATI (20d, 0.50 mmol), 10 mL toluene and 1.0 mL TMSCl (7.9 mmol).
After two step reactions, the volatiles in reaction mixture were removed under vacuum to
yield a black-red solid. The residue was dissolved in toluene. A black power was
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precipitated out through diffusion of pentane into the toluene solution. Through NMR
study, the powder was a mixture of 30% product and 70% side-products. Reprecipitation
in CHaCb/hexenes mixture could not isolate a pure product.
X-ray crystallographic analysis. This part of work was done by X-ray
laboratory of North Carolina State University at Raleigh. A suitable crystal of 24e was
mounted on the end of a glass fiber using a small amount of silicon grease and transferred
to the diffractometer. The sample was maintained at a temperature of - 1 25 °C using a
nitrogen cold stream. All X-ray measurements were made on an Enraf-Nonius CAD4-
MACH diffractometer. The unit cell dimensions were determined by a fit of 25 well
centered reflections and their Friedel pairs with theta 33 "< 2(theta) < 38 A hemisphere
of unique data was collected using the omega scan mode in a non-bisecting geometry.
The adoption of a non-bisecting scan mode was accomplished by offsetting psi by 20.00
for each data point collected. This was done to minimize the interaction of the
goniometer head with the cold stream. Three standard reflections were measured every
4800 seconds of X-ray exposure time. Scaling the data was accomplished using a 5 point
smoothed curved routine flt to the intensity check reflections. The intensity data was
corrected for Lorentz and polarization effects. Data was empirically corrected for
absorption using psi scan data.
The data were reduced using routines from the NRCVAX set of programs. The
structure was solved using SIR92. Most non-H atom positions were recovered from the
initial E-map. The missing nonhydrogen atoms were recovered from subsequent
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difference Fourier maps. Hydrogen atoms were included in the model at calculated
positions. During the intermediate refinements, the methyl groups were refined as rigid
groups, which allowed to orientation of these groups to refine to their best fit positions.
After these rigid body refinements converged, the hydrogen atoms were allowed to ride
on the parent carbon atoms. All other hydrogen atoms were allowed to ride on the parent
carbon atoms throughout the entire refinement. Refinement of the structure was
performed using full matrix least-squares based on F. All non-H atoms were allowed to
refine with anisotropic displacement parameters (ADP's). The calculated structure
factors included corrections for anomalous dispersion from the usual tabulation.62 a
secondary extinction correcfion was included in the final cycles of refinement. Details of
the structure of complexes 24e were listed in Appendix.
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CHAPTER 3
THE APPLICATION OF AMINOIMINATE METAL COMPLEXES IN aOLEFIN POLYMERIZATIONS
3.1 Introduction
In Chapter 2 the synthesis and characterization of a series of aminoiminate
complexes of titanium and zirconium were discussed. This series includes the complexes
of different metals with the same ligands and the complexes of the same metal center but
with different ligands. The chemical structures of our synthesized complexes are shown
in Figure 3.1.
Recent research showed that both aminotroponimine (ATI) 1-9 and P-iminoamine
(p-IAM) ligands 10- 15 are potential alternatives for the polpular cyclopentadienyl
ligands. Thus, there is value in investigating the catalytic behavior of these ATI and
p-IAM complexes in a-olefin polymerizations and compare them with the metallocene
catalysts. As discussed in Chapter 1 , several features were identified as essential to
generate high-active eariy transition metal catalysts: a) metal complexes with electron
deficiency; b) active catalyst centers with vacant coordination orbitals adjacent to the
propagating polymer chain; and c) suitable steric protection to stabilize the active catalyst
sites and minimize side reactions. Our titanium and zirconium ATI and (3-IAM
complexes possess these essential features. Hence, it is reasonable to propose that our
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aminoiminate metal complexes, with suitable cocatalys.s, are active catalysts for a-olef,„
polymerizations.
A. Zirconium complexes
86
B. Titanium complexes
Ti(NMe2)CI2
3a 3b
Figure 3.1 Synthesized P-IAM and ATI metal complexes
4
In this chapter, we will describe the polymerization behavior of our aminoiminate
zirconium and titanium catalysts and attempt to interpret the effects of the ligand
structures and metal centers on the polymerizations. The ethylene polymerizations with
zirconium and titanium complexes will be discussed first, followed by the
characterization of polyethylene (PE) produced. The dependence of catalyst activities on
polymerization conditions such as temperature, solvents and time, will be discussed
interms of our polymerization results. The polymerizations of propylene and 1-hexene
will be briefly discussed. Finally, the synthesis of later transition metal aminoiminate
complexes will be investigated and the attempted application in ethylene polymerization
will be discussed.
3.2 Results and Discussion
Most organometallic compounds require cocatalysts to achieve high activity in
olefin polymerizations. As discussed, methyl aluminoxane (MAO) is a commonly used
cocatalyst.'6,l7 xhe role ofMAO is several-fold and includes activation of early
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transition metal complexes through alkylation and extraction of one methyl group. In all
of our polymerization studies, MAO was used as the cocatalyst for all of our zirconium
and titanium complexes. As an example, One of the proposed routes to activate complex
la is illustrated in Scheme 3.1. In this scheme, the activation of the complex occurs after
all of the three chlorines are substituted by methyl groups; however, it is possible that the
methyl extraction takes place earlier and generates active cationic species with
unsubstituted chlorine ligands. Hence, more than one catalytic species possibly exists in
our polymerization systems and produces polyethylene with broad molecular weight
distribution (vide infra).
MAO MAO
Me^f^^e-A\ (MAO) Me^ 0AI (MAO)
N N
11 II
Scheme 3.1 Proposed activation of complex la by MAO.
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.2.
1 Ethylene polymerizations with aminoiminate zirconium compl
The ethylene polymerizations were run under constant pressure in the Fisher-
Porter bottles. Activated by the cocatalyst, MAO, all of our P-IAM and ATI zirconium
complexes (la-e, 2a,b) were found to be active catalysts for ethylene polymerizations.
During the polymerization, the white polymer was observed to precipitate quickly. After
a predetermined reaction time, ethylene was removed and the polymerization was
quenched by the addition of methanol. The white polymer was collected through
filtration, washed consecutively with methanol/HCl solution and methanol, and dried
under vacuum. The polymerization results for the aminoiminate zirconium complexes
are summarized in Table 3.1.
Table 3.1 Ethylene polymerizations with aminoiminate zirconium complexes
entry catalyst temperature time yield activity Mw MJMn
CO (h) (?) (kg/(mol*h)) (xio') (xio")
1 la rt. 1 0.56 280 35.9 49.1 13.7
2 lb rt. 1 0.27 135 2.87 9.68 33.7
3 Ic rt. 1 0.23 115 5.99 3.41 5.69
4 Id rt. 1 0.12 60 / / /
5 le rt. 1 0.21 105 3.11 34.5 111
6 2a rt. 1 0.56 280 3.04 14.8 48.6
7 2b rt. 1 0.01 6 / / /
Polymerization conditions: metal complexes: 2.0 ^imol; methylalumoxane (MAO): 2.0
mmol; toluene: 50 mL; ethylene pressure: lOOpsi; toluene solution of catalyst and MAO
was aged for half hour at reaction temperature before polymerization; polymerizations
are run at room temperature without temperature control; molecular weight results are
from high temperature GPC based on universal calibration using polystyrene.
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Within the series of P-IAM zirconium complexes, steric factors appear to be the
over-riding criteria in determining activities. The N,N'-dimethyl-p-IAM-ZrCl,.THF la
is more active than all of the p-IAM catalysts Ib-e with aromatic ligands and the
activities of the aromatic p-IAM-ZrCls-THF complexes Ib-e all fall within a narrow
range (entry 1 vs. entries 2-4). The substituent groups on the 2,6-positions of the phenyl
ring of the aromatic p-IAM groups do not appears to affect the polymerization activity to
a large extent. Nevertheless, it seems that the smaller the substituents on the phenyl ring,
the higher the polymerization activities, with the exception of Id, which is less active
than le. This suggests that steric crowding lowers the catalyst activities, which is the
same trend as observed for metallocene catalysts. 17 The electronic factors may also
contribute to the reactivity difference. However, as shown in the crystal structure of le,l8
the aromatic rings of the P-IAM ligands are twisted out of conjugation with the ligand
backbone. Without conjugation, the electronic properties of methyl and phenyl groups are
believed to not differ significantly.
The polymerization activity of the 1 : 1 ATI-Zr complex, 2a, is very close to that of
the N,N'-dimethyl-P-IAM-Zr complex, la (entry 1 vs. entry 6). This indicates that both
of the p-aminoimines and a-aminoimines (ATI) are able to function as suitable ligands
for zirconium centers, and afford active catalysts for ethylene polymerizations. The
distance seperating the chelated nitrogen atoms appears not to have a large impact on the
behavior of the zirconium complexes during ethylene polymerization. In contrast to
complex 2a, the 2: 1 ATI-Zr complex, 2b, is much less active for ethylene polymerization
(entry 7). It is hypothesized that two factors decrease the polymerization activity of 2b.
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One is the electronic effect. Because the conjugated ATI ligands are 4e and stronger
donors than chlorides, the zirconium complex with two ATI ligands is less electron-
deficient than the one with only one ATI ligand. Hence, the 2: 1 ATI-Zr complex 2b has
affinity toward ethylene during polymerization and is less active than the 1:1 ATI-Zr
complex. The other factor is the steric effect. The two ATI ligands on the same
zirconium center will block large regions around the metal center, and decrease the
possibility of ethylene's approach to the zirconium. Both factors are believed to
contribute to the low polymerization activity of 2b.
The different molecular weight distribution curves of the polyethylene products
made from different zirconium catalysts are shown in Figure 3. 1 . The molecular weight
distribution of all of the polymers appears to have a trimodal distribution. This is a
strong indication that more than one active species is present in the polymerization
systems. One possible route to generate more than one active species is through the
extraction of the three non-equivalent methyl ligands during the activation reactions. As
shown in Scheme 3.1, in the activation step during polymerizations, the cocatalyst MAO
can extract one of the three methyl ligands bound to the metal center. Due to the
interaction between the aminoimine ligands and zirconium center, these three methyl
groups are not chemical and stereo equivalent and therefore the generated cationic
zirconium species are different. 14, 15 There are other possibilites to yield several active
species from the zirconium complexes in the activation steps. For example, if methyl
extraction takes place before the three chlorine ligands are fully methylated, the
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generated cationic species can still have one or two unsubstituted chlorine ligands so that
those species are not chemically identical.
1 30
0 98
0 65
P
P
0.33
0.00
2.20
7.10
Figure 3.2 Molecular weight distribution of polyethylene from zirconium complexes.
The molecular weight distribution shows that the most bulky p-IAM catalyst, le,
produces polyethylene with large fraction of low molecular weight polymer. This is
direct contrast to the Brookhart late metal catalysts. The molecular weight difference
among the polymer fractions varies over three order of magnitude. In contrast, the
polyethylene from the least bulky p-IAM, la, has much narrow distribution, although it
is still a trimodal. These results illustrate that the steric effects of the P-IAM ligands are
crucial in controlling of the molecular weight distribution of the polyethylene products.
The larger the side-groups on the p-IAM ligands, the larger the differences of the
catalytic species (as evidenced by the trimodal character) and the broader the
92
polydispersity of the produced polyethylene. The polyethylene made from catalyst Ic is
different from other polymers. Although it is still trimodal distribution, it has only small
amounts of low molecular weight part and its polydispersity index (PDI) is much lower
than other polyethylene products. We postulate that this may be related with the
existence of different rotamers of catalyst Ic. 19 One specific rotamer may be more
favorable in the polymerization and produce the main fraction of the polymer product.
Similar to the polymers made from the p-IAM-Zr complexes, the molecular weight
distribution of the polymer produced from ATI- Zr catalyst 2a is also trimodal and its
PDI is between of polymers from la and le.
3.2.2 Ethylene polymerization behavior of titanium complexes
After activated by MAO, the aminoiminate titanium complexes were also found
to be highly active toward ethylene polymerization. The polymerization results are
shown in Table 3.2. The polymerization activity of the N,N'-dimethyl-p-IAM-Ti
complex, 3a, is close to its zirconium analogue la (entry 8 vs. entry 1), while the activity
of N,N'-diphenyl-p-IAM-Ti, 3b, is much higher than lb, the zirconium complex with
the same ligand (entry 9 vs. entry 2). Unlike the P-IAM zirconium complexes, the
aromatic P-IAM-Ti complex, 3b, has higher activity than the dimethyl-p-IAM analogue
3a.
In contrast to the highly active p-IAM-Ti complexes, the ATI-Ti complex 4 is
much less active than its zirconium analogue 2a (entry 10 vs. entry 6). We suspect that
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the size of titanium atom and the structure of ATI ligand are responsible for the activity
difference. As discussed before, the distance between the two chelating nitrogens in the
a-iminoamine compounds, aminotroponimines, is clcser than that in p-iminoamines.
Because titanium is smaller than zirconium, the bond lengths of Ti-N are normally
shorter than the lengths of Zr-N. Hence, the titanium is more sensitive to the str^tcture
difference between o- and P-iminoammes. For the titanium complex 4, the a-
iminoamine ligand may efficiently block the approach to the titanium center during the
activation and/or polymerization reactions so as to decrease its polymerization activity.
Table 3.2 Ethylene polymerizations with aminoiminate titanium complexes.
entry catalyst temperature time polymer yield activity
(°C) (h) (S) (kg/(mo!«h))
8 3a rt. 1 0.66 330
9 3b rt. 1 0.78 390
10 4 rt. 1 0.03 16
Polymerization conditions are the same as those shown in Table 3.1.
The weight-average molecular weight (M^) of polyethylene made from catalyst
3a is 7.7x10"* and it is not too far away from the polymer from its zirconium analogue, la
(4.9x10'*, entry 1). However, in contrast to those polyethylene products from zirconium
complexes, the molecular weight distribution of polymer made from 3a is close to a
single mode (Figure 3.3). We attempted to correlate this single mode distribution with
the chemical structure of 3a. The titanium complex 3a is bound with two chlorine
ligands instead of three chlorines as those in zirconium complexes. Because the amide
group is a stronger donor than the chlorine ligands, it may be less facile to be substituted
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by the methyl group in the alkylation reaction. Hence, the main alkylation product from
3a is a dimethyl titanium complex. If the two methyl groups are assumed to occupy two
chemical equivalent sites of the catalysts, only single active species is generated from the
activation reactions and polymerize ethylene. However, due to the broad polydispersity
(Mw/M„=9.4), the existence of more than one active species or interconverting species
could not be ruled out. The alkylation of amide group and partical alkylation of the two
chlorine ligands are two possible routes to generate more than one active species.
O
3.43 7.10
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Figure 3.3 Molecular weight distribution of PE made from catalyst 3a,
3.2.3 Dependence of catalyst activities on polymerization conditions
3.2.3. 1 Catalyst behavior at long polymerization times
Many metallocene catalysts reach their maximum activity after 5 to 10 minutes of
polymerization stage of polymerization and thereafter their activities start to
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decrease.16,,7 Our catalysts behave d.fferently. When using p-IAM zirconium catalyst
la and le to polymerize ethylene for a long reaction times, we obtained some unique and
interesting results.
The experimental results from different polymerization times are listed in Table
3.6. In contrast to many catalyst systems, both catalysts la and le maintain high
activities in an ethylene environment for long times. The polymerization activity of
catalyst 2a keeps nearly constant over four hours (entries 1 and 11 ). For catalyst le, the
polymer yields increase almost linearly with polymerization time up to 16 hours (entries
5,12,13). It is also interesting that the average activities of le at 4 or 1 6 hours are even
higher than in one hour. We hypothesize that the bulky p-IAM ligand of le slows the
alkylation reaction of the complex by MAO, leadinf to slow the activation processes.
Hence, there probably is an induction period at the early stage of the ethylene
polymerizations and this induction period is responsible for the lower polymerization
activity of le in short polymerization times.
Table 3.3 Time dependence of polymerization activities of catalysts la and le.
entry catalyst temperature time yield activity Mw MJM
(°C) (h) (?) (kg/(mol«h)) (xio') (xio")
1 la rt. 1 0.56 280 35.9 49.1 13.7
11 la rt. 4 2.20 275 52.6 66.0 12.5
5 le rt. 1 0.21 105 3.11 34.5 111
12 le rt. 4 1.37 171 6.02 41.7 69.3
13 le rt. 16 5.44 170 22.6 92.6 4.11
Polymerization conditions are the same as those shown in Table 3.1.
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When the polymerization time is increased from one hour to four hours, the
molecular weight of the polyethylene obtained from catalyst la increases by a small
amount and its molecular weight distribution becomes narrower. This indicates that more
chain transfer reactions occur at shorter polymerization times. However, the molecular
weight distribution of the polyethylene remains nearly the same, and is still a trimodal
distribution. This implies that the active species of la remain unchanged and active over
the four hour polymerization time.
The molecular weight and molecular weight distribution of polyethylene from le
changes by a large extent when the polymerization time increases from one hour to 16
hours. Compared with one hour polymerization, the weight-average molecular weight of
polyethylene is almost tripled during 1 6 hours of polymerization times. The molecular
weight distribution is much narrower for the polyethylene after 16 hours of
polymerization. The distribution curves for the polyethylene products are shown in
Figure 3.4. This figure clearly shows that the amount of low molecular weight fraction
is reduced after 4 hours of polymerization and totally disappears after 16 hours. The
molecular weight distribution of polyethylene after 16 hours is close to a single mode
distribution with only a small tail at lower molecular weight range. These results are
consistent with the hypothesis that more than one active catalyst sites are formed at the
beginning of the polymerization with catalyst le. One site produces large amount of low
molecular weight polymer through a rapid chain termination reaction, which may be
chain transfer to aluminum (vide infra). While the polymerization proceeds, this site is
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either deactivated or becomes much less active, or is converted into a site that makes high
molecular weight polyethylene.
7.10
Figure 3.4 M.W. distribution of PE made from le in different polymerization time.
3.2.3.2 Catalyst behavior in different polymerization solvents
The ethylene polymerizations with P-IAM titanium and zirconium catalysts were
carried out in solvents other than toluene, e.g., methylene chloride, THF and pentane. It
was found that the tested catalysts, le and 3a,b, show higher polymerization activities in
methylene chloride than in toluene. In addition, the higher the activities of the catalysts,
the larger the activity difference between the rates observed in these two solvents. The
polymerization activity of the most active catalyst, 3b, is five times higher in methylene
chloride than in toluene.
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We interpret these rate dillerenees to two factors. First, there ean be competitive
coordination of toluene to metal center due to the electron-deficient zirconium center.
Such interactions were observed in several Group 4 metal complexes.20-24 jhc
competitive coordination of toluene decreases the rate of ethylene coordination to the
zirconium center, and hence, the polymerization activities in toluene are lower than in
methylene chloride. The more active catalysts may have higher potential to coordinate
toluene and show larger activity difference in these two solvents. Secondly, there can be
greater charge separation between the calionic active species and its counterions in the
polar methylene chloride, which has also been reported in several complex systems.24-27
The better charge separation can also be responsible for the higher catalyst activities in
methylene chloride.
In addition, the ethylene polymerizations with catalyst 3a were also measured in
pentane and THF. The results show that the catalyst activity in pentane is higher than
that in toluene and the catalyst is inactive in THF. Due to the low solubility of MAO in
pentane, the polymerization mixture in pentane is heterogeneous for the beginning.
Although the real concentration of cocatalyst in pentane is lower than in toluene, the
catalyst 3a still yields more polymer in pentane maybe because there is no competitive
coordination in pentane. We suspect that the strong binding of THF to catalyst is the
main reason for the loss of activity of 3a in ethylene polymerizations. Because THF is a
stronger electron donor than ethylene and its concentration is higher than ethylene,^*^ it is
impossible for the ethylene to coordinate to catalyst in THF.
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Table 3.4 Ethylene polymerization results in different solvents
entry catalyst
14
5
16
8
17
18
19
9
le
le
3a
3a
3a
3a
3b
3b
solvent temperature
rc)
CH2CI2 rt.
toluene rt.
CH2CI2 rt.
toluene rt.
pentane* rt.
THF rt.
CH2CI2 rt.
toluene rt.
time polymer yield
(h) (g)_
0.38
0.21
1.75
0.66
0.83
-0
3.82
0.78
activity
(kg/(mol»h))
190
105
875
330
415
~0
1910
390
Polymerization conditions are the same as those shown in Table 3.1, except different
solvents are used instead of toluene. *: heterogeneous system.
3.2.3.3 The effect of cocatalyst concentration
Methyl aluminoxane is a commonly used cocatalyst. For most of metallocene and
non-metallocene catalysts, a huge excess of MAO is required to achieve satisfied
polymerization activities. 16, 17,29 catalytic activities were found to decrease
dramatically if the MAO/catalyst ratio is below 200 to 300. '6 The activities of many of
catalyst systems in olefin polymerization increase approximately as the cube root of the
MAO concentration,30 although several occasional systems were reported to show
decreasing the activities at very high MAO/catalyst ratios.3132 xhe exact reasons are
still not clear as to why such a large excess amount of MAO is needed in olefin
polymerization.
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The ethylene polymerizations with various MAO/catalyst ratios were
investigated. The ethylene polymerizations with le were measured in toluene. In
contrast to many catalysts, the activity of the (3-IAM-Zr complex le reaches a peak value
around 3000:
1
of Al:Zr ratio and starts to drop when the ratio is increased further (Table
3.5 and Figure 3.5). The polymerization activities of p-IAM-Ti catalyst 3b decrease as
well in methylene chloride when the Al:Ti ratio is increased from 1000: 1 to 3000: 1 (entry
19 vs. entry 25).
Table 3.5 Dependence of catalyst activities of le on catalyst/cocatalyst ratio.
entry catalyst Al:catalyst solvent time polymer yield activity
5 le 1000 toluene 1 0.21
(,Kg/(^moi»njj
105
20 le 2000 toluene 1 0.73 365
21 le 3000 toluene 1 0.86 430
22 le 4000 toluene 1 0.6 300
23 le 5000 toluene 1 0.53 265
24 le 6000 toluene 1 0.44 220
19 3b 1000 CH2CI2 1 3.82 1910
25 3b 3000 CH2CI2 1 1.10 550
Polymerization conditions are the same as those shown in Table 3.1, except the variable
amounts ofMAO and different solvents.
The decrease of polymerization activities was hypothesized to be due to very
rapid chain transfer reactions to aluminum. When the concentration ofMAO reaches a
certain value, for some active species, the rate of chain transfer reactions may be close to
the rate of chain propagation. Hence, at very high MAO/catalyst ratio, a large amount of
low molecular weight oligomer is produced instead of polymer. Because the oligomers
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are soluble in polymerization solvents and can not be isolated by our routine polymer
collection, the observed polymerization activities based on obtained polymer solid give
lower values at high cocatalyst concentration. Our experiments verified this hypothesis.
Two ethylene polymerizations with catalyst le were carried out in closed Fisher-Porter
bottles. After the first ten minutes of polymerization, the ethylene pressure in the
polymerization with a 6000:
1 cocatalyst ratio drops faster than the pressure in the
polymerization with a 3000:
1 ratio. This indicates that more ethylene was consumed in
the polymerization with a 6000: 1 cocatalyst ratio, at least in the early stage of
polymerization, when the chain transfer reactions to aluminum are thought to occur more
frequently.
500
400
.o
i
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Figure 3.5 The apparent effect of MAO/catalyst ratio on activities of le.
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3.2.3.4 The effect of polymerization temperature
The ethylene polymerizations with the P-IAM-Zr complexes la and le were
carried out at various temperatures and the results are listed in Table 3.6. The activity of
catalyst la first increases a small amount when the polymerization temperature increases
from room temperature to 40 °C, but then drops to a very low value at 80 °C (entry 26
and 27). Similarly, increasing polymerization temperature decreases the activity of
catalyst le sharply (entry 28 and 29). The activity drops more than 50% at 40 °C and
becomes almost nonexistent at 80 °C. The reason for the decreasing activity is thought to
be due to thermal decomposition of the catalysts. Catalyst la, with the aliphatic P-IAM
ligand, appears to be more temperature tolerant than catalyst le.
Table 3.6 Ethylene polymerization results at different temperature.
entry catalyst temperature time polymer yield activity
rc) (h) (g) (kg/(mol«h))
1 la rt. 0.56 280
26 la 40 0.64 320
27 la 80 0.02 10
5 le rt. 0.21 105
28 le 40 0.10 50
29 le 80 0.01 5
Polymerization conditions are the same as those shown in Table 3
It was observed in the DSC study that the low molecular weight shoulder in the
polymer from le (entry 5) becomes very small at higher polymerization temperatures (40
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"C and SO "C). This indicates ll.al the chain-lranslci to alu.niiu.ni is minimimi at higher
polymerizalioii lemperalurc.
3.2.4 Characteri/alion of (he polyethylene
The miciostiuctures of the polyethylene products were characterized by '^C NMR
spectroscopy at high temperature. Inlerestingly, all NMR spectra of the products are
simple. In addition to a large peak froni (he main Pli chain, (here are only lour more
peaks from (he sa(ura(ed end groups. The NMR spec(ra show the absence of any
branching or unsaturated end groups. The .saturated end groups are from chain transfer
to alununum, followed by (he hydrolysis in (he acid workup. The unsaturated end groups
should exis( if (here are (3-hydrogen elimination reaclions during (he ediylene
polymerizations. Hence, the NMR spectra s(rongly suppor( (ha( (he chain (ermiiuKion
mechanisms are predominandy chain (ransfer reac(ions to aluminum.^^
The thermal properties of the polyethylene products were examined by
differential scanning calorimetry (DSC). Although all of (he products made from our
p-IAM ca(alysts have trimodal molecular weight distribution by GPC analysis, polymers
from Id and Ic (entries 4 and 5) are (he only two samples showing shoulders in the
melting transition peaks in their DSC traces, and polyelhylene from la-c .show only one
meking peak. This indica(es (hat the thermal behavior of polymers from catalyst la-c is
similar to uniform propogating sys(ems.
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Figure 3.6 High temperature '^C NMR spectrum of PE from le (entry 5).
The DSC analysis of the polyethylene isolated after different polymerization
times yielded some interesting results. For the polymers from catalyst la, there is no
difference in the melting point and crystallinity, 138 °C and 76%, respectively, for the
polymers from one-hour and four-hour polymerizations. This is consistent with the data
from GPC (Table 3.3). On the other hand, the polymer sample from one-hour
polymerization with le shows a large shoulder in the melt transition peak around 100 °C,
which indicates a low molecular weight fraction. The shoulder becomes much smaller in
the product of 4-hour polymerization and totally disappears after 16-hour polymerization
(Figure 3.7). This is also consistent with the molecular distribution traces from GPC
analysis. The melting peaks of polyethylene from longer polymerization times shifts to
higher temperature. The melting point of the polyethylene produced by complex le in 16
hour polymerization is over 140 "C, which is higher than normal high density
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polyethylene. It is believed that the high melting point is due to the extreme linearity of
the polyethylene chains. The crystallinity of the polymers increases from 56% after an
hour to 69% in four hours, and further to 74% after 16 hours of polymerization time. The
large fraction of low molecular weight polymer is responsible for the lower crystallmity
of the polyethylene isolated from le after one hour of polymerization. These results
indicate that catalyst le can produce polyethylenes with variable molecular weights,
molecular weight distributions and crystallinities as a function of polymerization time,
(i.e., the properties of polyethylene products can be controlled simply through changing
the polymerization times.)
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Figure 3.7 DSC traces of polyethylene produced from le at different times.
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3.2.5 Polymerizations of propylene and 1-hexene
In order to study the catalyst behaviors in olefin polymerizations with different
monomer, we used P-IAM complexes for the polymerizations of propylene and 1-hexene
as well. The propylene polymerization results are shown in Table 3.7 and the 1-hexene
polymerization results are shown in Table 3.8. In general, the catalyst activities in
propylene and 1-hexene polymerizations were observed to be much lower than those for
the ethylene polymerizations.
Table 3.7 Propylene polymerization results.
entry catalyst solvent time yield activity Mw
(h) (mg) (kg/(mol«h))
30 le toluene 1 8 4 573 4426 7.71
31 le CH2CI2 1 8 4 362 1241 3.42
32 3b toluene 1 16 8 / / /
33 3b CH2CI2 1 110 55 / / /
Polymerization conditions are similar to that shown in Table 3.1, except propylene is
used instead of ethylene.
In propylene polymerizations, the activities of le are low and not very sensitive to
the polymerization solvents. The polypropylene products from le were found to be low
molecular weight with trimodal molecular weight distribution (Figure 3.8).
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Elution time (min)
Figure 3.8 GPC elution curve of polypropylene made from le (entry 31).
The catalyst which is more active in ethylene polymerizations, e.g., 3b, is also
more active in polypropylene polymerizations. Similar to ethylene polymerizations, the
activity of 3b in propylene polymerizations is higher in methylene chloride, the polar and
non-coordinating solvent, than in toluene. The polypropylene products made from 3b
(entries 32 and 33) are not completely soluble in many organic solvents, e.g., hcxane,
ether, THF and chloroform, at room temperature. Hence, the GPC analysis at 25 "C in
THF could not give reliable results. The poor solubility of those products may indicates
that the polypropylene are not pure amorphous, but with some contents of crystalline
polymer. The DSC analysis confirms that the polypropylene product is not totally
amorphous, but a semi-crystalline polymer (Figure 3.9). The DSC trace of the
polypropylene product (entry 33) shows a glass transition at -8.6 °C and a melting peak
at 131.3 °C. Compared with heat of fusion of the 100% isotactic polypropylene, the
crystallinity of the polypropylene product is 13.7%. The solubility, melting temperature
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and crystallinity of this product are close to the reported data for the isotactic
polypropylene with low crystallinities. 35-37 This may indicate that the polypropyl
product is not a pure atactic polymer and the catalyst 3b has the ability to produce
polypropylene with a small amount of stereo-regularity.
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Figure 3.9 DSC trace of polypropylene from 3b (entry 33).
The catalyst activities observed for 1-hexene polymerizations are even lower than
in those propylene polymerization. Catalyst la is almost inactive, and lb and 3a are only
weakly active (Table 3.8). We hypothesize that the larger size of the 1-hexene monomer
is the main reason for the low catalyst activities. The molecular weights of the polymer
products from catalyst lb and 3a are very low. This indicates that the chain propagation
in the 1-hexene polymerizations is not fast enough to surpass the chain termination ot
transfer reactions. The molecular weight distribution are multi-modal for both of poly(l-
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hexene) products made from lb and 3a (Figure 3.10). This indicates the presence of
more than one active species in the I -hexene polymerization with both lb and 3a.
Table 3.8 Results of 1
-hexene polymerizations.
entry catalyst solvent time
(h)
yield
(8)
activity
(kg/(mol»h))
Mw / M„
34 la toluene 14 ~0
~0 / /
9614
9242
/
21.8
22.6
35
36
lb
3a
toluene
toluene
14
21
0. 1
0
0. 1
5
3.6
3.6
441
409
Polymerization conditions: metal catalysts: 2.0 |imol; methylalumoxane(MAO): 2.0
mmol; toluene: 10 mL; l-hexenc: 2.0 g; polymerizations are run in dry-box at
temperature without temperature control.
room
Mw
20 25 30
Elution time (min)
Figure 3.10 GPC elution curve of poly( I -hexene) made from 3a.
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In addition to the study of early transition metal catalysts, we attempted to
synthesize the late transition metal complexes with the aminoiminate ligands and use
them in the ethylene polymerizations. Unfortunately, this investigation did not afford
positive results.
The P-IAM palladium complex 5a was successfully synthesized through the
route shown in Scheme 3.2. Deprotonated with /-BuOK at 50 "C, the anionic N,N'-
diphenyl-P-IAM was allowed to react with (COD)Pd(Me)Cl and PPh, to afford a yellow
complex 5a. The complex can be further purified by recrystallization from CH2CI2. The
attempts to synthesize N,N'-diphenyl-P-IAM palladium complex with a weaker donor,
e.g., THF, acetonitrile and benzonitrile, failed to yield any targeted palladium complexes,
but some non-specific decomposition mixtures were observed in those reactions.
Me PPho
^^N-'^'n"" /-BuOK 1) (COD)PdMeCI
2) PPh3
5a: R=Ph
Scheme 3.2 Synthesis of P-IAM palladium complex 5a.
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Figure 3.1 1 NMR spectra of complex 5a.
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The complex 5a was characterized by 'H, '^C and ^'p NMR. The 'H and '^C
spectra are shown in (Figure 3.1 1). The two methyl groups on the P-IAM ligand are not
chemical equivalent and have different chemical shifts in 'H NMR spectrum. In addition,
the '^C NMR spectrum of 5a is complicated. There are a series of paired peaks in the
aromatic carbon ranges, two peaks for the imine carbons and two peaks for the methyl
carbons. Both spectra indicate the palladium complex 5a occupies a square planar
geometry at the palladium center. The trans effects of methyl and PPh., ligands make the
two chelating nitrogen atoms chemically non-equivalent and the non-equivalency affects
all (3-IAM ligand backbone.
The N,N'-dimethyl-p-IAM palladium complex, 5b, was prepared through a route
similar to Scheme 3.2, except the deprotonation was carried out in -78 °C and n-BuLi
was used instead of r-BuOK (Scheme 3.3). Similar to complex 5a, the 'H NMR spectrum
of 5b shows two methyl peaks for the N-Me groups and two peaks for the methyl groups
on the P-IAM backbone. This indicates that complex 5b adopts a square planar geometry
as well and the trans effect makes the p-IAM ligand chemically asymmetric.
5b: R=Me
5c: R=2,6-diisopropylphenyl
Scheme 3.3 Synthesis of P-IAM palladium complexes 5b and 5c.
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The route of Scheme 3.2 failed to prepare N,N'-di(2,6-diisopropylphcnyl)-P-IAM
palladium complex because /-BuOK is not a suitable deprotonating reagent for the very
bulky p-IAM ligand. In contrast, the use of n-BuLi in the deprotonation reaction yielded
complex 5c as an impure compound (Scheme 3.3). However, due to the good solubility
of 5c in many organic solvents, e.g., hexanes, ether, THF and benzene, no crystallization
condition was found to yield a pure compound.
The preparation of N,N'-diisopropyl-ATI palladium complex was attempted
following the same procedure as Scheme 3.3. Through NMR study, it was found that the
crude product from the synthesis was a mixture of ATI palladium complex,
(PPh3)2PdMeCl and a little amount of other by-products. Except the doublet peak from
methyl ligand, all other 'H NMR peaks for this palladium complex were found to be
broad. We suspect that it is also due to the different trans effect of the methyl and PPh.^
ligands. In our study, no suitable condition was obtained to isolate the pure ATI
palladium complex.
Attempts to use palladium complexes 5a,b and c in ethylene polymerization were
carried out. Neither the complexes alone nor together with different cocatalysts, e.g.,
AlEt2Cl, (Cu(S03CF3))2»C6H6 and Ni(C0D)2, was observed to show any polymerization
activity. Only black powders were isolated, which was the palladium metal from the
decomposed complexes. In addition to those pure palladium complexes, the crude
mixtures from reactions in the synthesis of palladium complexes were also used in
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ethylene pc,Iy.nori/,a(ic>n will, cocalalysl, N,(COD),. Unfortunately, no ,H,lyn,er./,ation
aelivities were observed lor all ol these mixtures.
We hypothesized that the stro.ig binding ol PPh, to the palladium center
contributes to the non-aelivity of complexes Sa-c in ethylene polymerizations, llcncc, the
synthesis ol aminoiminate palladium complexes with a weaker donor, e.g., Tl II',
acetonitrile and ben/onitrile, instead of PPh
,, was attempted. However, following a
procedure similar to Scheme 3.2, the reactions of deprotonaled anunonnine compounds
with (roi:))I>d(Me)CI in presence of weak donor failed to yield any targeted palladium
complex, but some non-specific decomposition nnxtures were observed. The attempted
ethylene polymerizations with these nnxtures indicated no polymerization activities. On
the other hand, the reaction of deprotonated N,N' diphcnyl (i lAM with Pdri.(PhrN)2
affords an air and moisture stable complex, which was found to be (P-IAM)2Pd (Scheme
3.4). The reaction of deprotonated N,N'-di(2,6-diisopropylphenyl)-P-IA]V1 with
PdCl2(PhCN)2 yields a no specific mixture. The crude mixture, activated by MAO, was
found inactive in ethylene polymerization.
R H R R
"'S" n-BuLi o N' PdCl2(PhCN);
(molar ratio 1:1) R^^/ "^k.-RN N
ji II
6
R= Ph
Schi'mc 3.4 Synthesis of (3-IAlVI palladium complex 6,
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The synthesis of aminoiniinalc nickel complexes was attenipted through (he
reactions of deprotonated p-IAM and rm,/,v-fNiCl(Ph)(PPh3)2]. However, all reactions
using different |3-IAM compounds failed to yield any detectahle targeted complexes. We
also used KDA^« as a deprolonaling reagent in the attempted synthesis of N,N'-di(2,6-
diisopropylphenyl)-P-IAM nickel complex. The reaction afforded a similar and
unsuccessful result. The crude products in these reactions were used in ethylene
polymerizations with Ni(COD)2, but were found to be inactive in all polymeri/ation
attempts.
.-H^ r^
N N n-BuLi N ^ n" trans -(PPh3)2Ni(Ph)C I
I
^ 11 t)
'I
^ No specific products
R= methyl or 2,6-diisopropylphcnyl
Scheme 3.5 Attempted synthesis of p-IAM nickel complexes
In addition, we prepared the N-2,6-diisopropylphcnyl-ketonimine, an alternative
of the P-IAM ligand, through the reaction of diisopropylaniline and acctylacelone in
presence of hydrochloride acid (eq. 3. 1 )-^'^ . The ketonimine was used in the synthesis of
nickel complex. Through NMR analysis, it was found that the isolated product from the
reaction of deprotonated ketonimine and /r<'///.v-[NiCI(Ph)(PPh O2I is bis(keloniminate)-Ni,
instead of the targeted 1 : 1 ketoniminate nickel complex (Scheme 3.6). The 2:
1
bis(ketoniminate)-Ni complex is a diamagnetic compound and believed to be inactive for
the ethylene polymeri/ation.
7Scheme 3.6 Synllicsis of keloiiiminalc nickel complex 7.
3.3 Conclusions
In summary, activated by (he cocalalysl, MAO, all of the aminoiniinatc titanium
and zirconium complexes arc active catalysts. The activity of the ATI-Zr complex is
close to that of the P-IAM-Zr complexes and the (3 lAM titanium catalysts are more
active than their zirconium analogues. In contrast, the activity of ATI titanium complex,
4, is I7iuch less active than its zirconium analogue, la. The molecular weight dislribulions
of the polyethylenes from the aminoiminate Zr complexes is trimodal due to multiple
propagating species in the zirconium complexes. The polymer from titanium catalyst is
close to a single mode distribution.
I 17
Steric factors appear to be the over-ridding criteria in determining both the
activities of these P-IAM-Zr catalysts and the resulting molecular weight distribution of
the obtained polyethylene. Steric crowding created by the ligands decreases the
polymerization activities and increases the molecular weight dispersities. The dimethyl-
P-IAM zirconium complex la is more active and thermally stable than any of the
aromatic P-IAM zirconium complexes. The most bulky aromatic p-IAM zirconium
complex, le, shows the lowest activity and yields polyethylene with the broadest
molecular weight distribution.
The MAO activated p-IAM zirconium catalysts are very stable and maintain
constant activities during polymerization for long time periods. Polymerization
temperature, solvents and catalyst/cocatalyst ratio strongly affect the polymerization
activities of zirconium and titanium catalysts. The NMR and DSC studies indicate that
chain-transfer to aluminum is the predominant chain termination reaction. The chain-
transfer reaction is favorable at short polymerization times, low temperature, and higher
MAO concentration. There is no detectable branching point in the polyethylene from
these catalyst systems. Due to the extreme linearity, the polyethylene with high
molecular weight has high melting points of over 140 °C.
The p-IAM Zr and Ti complexes are also active for propylene and 1-hexene
polymerization; however, their activities are much lower than ethylene polymerization.
The polypropylenes from le and the poly( 1-hexene) from lb and 3a are amorphous and
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low molecular weight polymers with multi-modal molecular weight distributions. In
contrast, the polypropylene made from 3b is a semi-crystalline polymer.
lene
The P-IAM palladium complexes were found to be inactive in ethyl
polymerization, and the complexes readily decomposed in ethylene environments. The
synthesis of aminoiminate nickel complexes was unsuccessful. Further study is needed to
achieve the active late transition metal aminoiminate complexes.
3.4 Experimental
General. All reactions involving air- and moisture-sensitive compounds were
carried out under purified nitrogen or argon using standard Schlenk-line or dry-box
techniques. Glassware was dried at 150 °C overnight. 'H, '''C and ""P NMR spectra at
room temperature were acquired at Bruker DPX-300 (300 M) and the high temperature
'^C NMR spectra of polyethylene were acquired at Bruker AMX-500 (500 M) at 120 °C.
The high temperature NMR solvent is 1,2,4-trichlorobenzene mixed with d6-benzene.
The '^C NMR spectra were run with 'H decoupling. 'H and '^C chemical shifts (6) were
reported relative to tetramethylsilane (TMS), and were referenced to residual peaks of the
solvents as follows: 'H NMR, CDCI3, 7.27, singlet; CeDf,, 7.16, singlet; CD2CI2, 5.32,
triplet; d8-THF, 3.58, singlet; '^C NMR, CDCI3, 77.23, triplet; C^De, 128.39, triplet;
CD2CI2, 54.00, quintet. Significant 'h NMR data were tabulated in order, unless
otherwise indicated: chemical shifts, multiplicity (s, singlet; d, doublet; dd, doublet of
doublet; t, triplet; q, quartet; sept, septet; m, multiplet; b, broad), and number of protons.
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THF, toluene, diethyl ether, benzene and hexanes were purchased from Aldrich as
air and moisture free solvents and passed sequentially through columns of activated
alumina (LaRoche A-2) and Q-5 supported redox catalyst (Engelhard CU-0226S) under a
prepurified nitrogen atmosphere .40 Methylene chloride, pentane and 1-hexene were
dried over CaHz and vacuum-transferred prior to use. All starting materials were used
directly as received from Aldrich, unless otherwise noted. The volatiles in methyl
aluminoxane toluene solution obtained from Aldrich was removed under vacuum. The
white MAO powder was stored in a dry-box before use. All deuterated solvents were
obtained from Cambridge Isotope Laboratory, dried and degassed twice, then stored
under nitrogen in a dry-box before use. Unless otherwise noted, volatiles were removed
under full Schlenk line vacuum (approximately 0.02 Torr).
High temperature Gel Permeation Chromatography (GPC) analysis of
polyethylene samples was performed by Polymer Laboratories at Shropshire, UK. The
analysis conditions were: detector: PL-GPC220 with DRI and 21OR viscometer; sample
concentration: approximately 0.5 mg/mL; injection volume: 200 |li1; column(s): 4xPLgel
20|jm MIXED-ALS (300x7.5mm); eluent: 1,3,5-trichlorobenzene (TCB) with 250ppm
2,6-di-t-butyl-4-methylphenol (BHT); flow rate: 1.0 mL/min; temperature: 160°C;
pressure: 10 bar. The sample solutions were prepared by adding a metered volume of the
eluent to a weighed sample of polymer and heating to 170°C in a block heater for five
hours. Aliquots of the hot solutions were transferred into PL-GPC220 autosampler vials,
which were loaded into the carousel where the temperature of the hot zone was 160°C
and the warm zone was 80°C. Each sample was injected twice. Solutions of individual
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polystyrene standards were prepared accurately and allowed to dissolve at ambient
temperature overnight. Aliquots of the solutions were transferred into PL-GPC220
autosampler vials and one injection of each set of standards was made. The polystyrene
standards were used to construct a Universal Calibration curve for use with the
DRI/viscometer data. TriSEC software was used to collect and analyse data.
Molecular weight of polypropylene and poly(l-hexene) samples were measured
on a Polymer Laboratories LCI 120 liquid chromatograph pump equipped with a Waters
Differential Refractometer and a Polymer Laboratories PL-DCU equipment. The analysis
conditions were: sample concentration: approximately 2 mg/mL; injection volume:
200^1; column(s): A set of Polymer Laboratories 10^ A, lO'' A and lO^A columns in
series; eluent: THF; flow rate: 1 .0 mL/min; temperature: 25 "C. Molecular weight were
calibrated by narrow molecular weight polystyrene standards ( M„ = 700 - 556000) from
Scientific Polymer Products. The thermal properties of polyethylene were measured on a
TA Instruments DSC 2910 Differential Scanning Calorimeter. The analysis conditions
are: heating rate: 10 "C/min; healing range: 30-200 "C; size of sample: approximately 5
mg. The reported melting points of polymer are the peak values. The polyethylene
crystallinities were calculated from the ratio between the heat of fusion of polyethylene
samples and that of the polyethylene with 100% crystallinity (280 J/g) 4' and the
polypropylene crystallinities were from the ratio between the heat of fusion of
polypropylene samples and that of the 100% isotactic polypropylene (165 S/g).^'^
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GC/MS measurements were obtained on a Hewlett-Packard 5890 Series II Gas
Chromatograph in line with a 5972 Series Mass Selective Detector. This equipment is
equipped with a polysiloxane capillary column and its carrier gas is ultra pure grade
helium. The following compounds were synthesized and purified according to literature:
rran^-(PPh3)Ni(Me)Cl 42 (PhCN)2PdCl243
.
General procedure for ethylene polymerization witii titanium and zirconium
complexes. In a dry-box, 2.0 nmol metal complexes, 2.0 mmol methyl aluminoxane
(0.1 18 g) and 50 mL solvent were added to a 200 mL Fisher-Porter bottle. The mixtures
were aged for 30 minutes at room temperature before ethylene was introduced.
Afterwards, reaction bottle was dried and purged with ethylene three times in half a
minute, then ethylene was pressurized to 100 psi and maintained constant during the
duration of the polymerization. White polymer precipitated out quickly. Temperature was
not controlled during the polymerization. After a predetermined reaction time, ethylene
was removed and the polymerization was quenched by the addition of methanol. The
white polymer was collected by filtration, washed consecutively with methanol/HCl
solution and methanol, and dried under vacuum overnight. The catalyst activities were
calculated from the weight of collected polymer solid divided by the amount of catalyst.
The ethylene polymerizations with catalyst la-e, 2a-b, 3a-b and 4 are all followed the
same procedure.
Ethylene polymerization in methylene chloride. The general procedure
described for polymerization in toluene was followed. In contrast to the polymerization in
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toluene, no polymer precipitated at the beginning of the polymerization. After ethylene
was introduced, the reaction mixture became white and hazy quickly. The polymer was
collected following the general procedure. The isolated polymer is white fine powder
instead of film-like polymer from the polymerization in toluene.
Ethylene polymerization in pentane. The general procedure described for
polymerization in toluene was followed. Due to the low solubility ofMAO in pentane,
the reaction mixture started as a white heterogeneous suspension. The polymer collected
by filtration was mixed with a large amount of insoluble MAO. To the isolated white
solid, 50 mL 10% HCl/methanol solution was added. The mixture was stirred for two
hours and filtered. The white polymer was again collected by another filtration, washed
consecutively with methanol/HCl solution and methanol, and dried under vacuum
overnight.
Ethylene polymerization at different temperatures. The general procedure
described for polymerization in toluene was followed, except the Fisher-Porter bottle
with the reaction mixture was put into a water bath, whose temperature was controlled by
a Brinkman RM6 Circulator. After aging for 30 minutes, the ethylene polymerizations
were carried out at the fixed bath temperature. The workup followed the same general
procedure as outlined previously.
Ethylene polymerization at different catalyst/cocatalyst ratios. The general
procedure described for polymerization in toluene was followed, except a variable
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amount of MAO was added to the polymerization mixture. The polymerizations
carried out and the polymers isolated following the same general procedures described
previously.
Propylene polymerizations with catalyst le. In a dry-box, 1.4 mg le (2.0
fxmol), 0.1 18 g methyl aluminoxane (2.0 mmol) and 50 mL toluene were added to a 100
mL Fisher-Porter bottle. The mixtures were aged for 30 minutes at room temperature
before propylene was introduced. Afterwards, reaction bottle was dried and purged with
propylene three times over half a minute, then propylene was pressurized to 100 psi. The
volume of the polymerization mixture increased by approximately 10 mL over five
minutes, indicating propylene was condensing in the reaction bottle. The valve on
propylene gas line was controlled manually to maintain the polymerization pressure and
avoid large amounts of propylene condensation. After one hour of polymerization, the
reaction mixture was allowed to vent to air slowly. To this mixture was added 50 mL
HCl/methanol solution, and volatiles were removed a rotary evaporator. The residue was
washed with methanol several time to yield a little amount of rubbery solid. The rubbery
solid was dried under vacuum to afford 8 mg polypropylene. The propylene
polymerization with le in methylene chloride aslo yielded 8 mg polypropylene.
Propylene polymerizations with catalyst 3b. The same procedure described
using le was applied here, using 0.8 mg 3b (2.0 jimol), 0.1 18 g methyl aluminoxane (2.0
mmol) and 50 mL methylene chloride. After one hour of polymerization, the mixture
was allowed to vent to air slowly. To the mixture HCl/methanol solution (50 mL) was
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added, stirred for 30 minutes, and precipitated into 300 mL metiianol. A white rubbery
solid was isolated from the mixture. The solid was collected by filtration and washed by
methanol, then dried under vacuum to yield 0. 1 1 g of polypropylene. The propylene
polymerization with 3b in toluene afforded only 16 mg propylene.
Polymerization of l-hexene with catalyst lb. To a 20 mL reaction vessel, 1.0
mg lb (2.0 ^imol), 0.1 18 g methyl aluminoxane (2.0 mmol), 4.0g l-hexene and 10 mL
toluene were added. The mixture was allowed to stir in dry-box for 14 hours, after which
it was quenched with 50 mL HCI/methanol. The volatiles were removed by a rotary
evaporator and the residue was extracted into n-hexane and filtered. The volatiles of the
filtrate were removed under vacuum. The residue was dried overnight to afford 0.1 g of
poly( l-hexene) as a slight yellowly viscous liquid.
Polymerization of l-hexene with catalyst 3a. The same polymerization
procedure described using lb was applied here, using 0.6 mg 3a (2.0 j^mol), 0.118 g
methyl aluminoxane (2.0 mmol), 2.0 g l-hexene and 10 mL toluene. After 21 hours of
polymerization, the mixture was quenched with 50 mL HCl/methanol. Following the
same workup procedure described using lb, the polymerization yielded 0. 15 g poly( 1-
hexene) as a colorless viscous liquid.
Attempted Polymerization of l-hexene with catalyst la. The same
polymerization procedure described using lb was applied, using 0.8 mg la (2.0 |imol),
0. 1 18 g methyl aluminoxane (2.0 mmol), 2.0 g l-hexene and 10 mL toluene. However,
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after stirred for 14 hours in dry-box, following ,he same workup procedure described
using lb, no polymer was isolated.
Synthesis of N,N'.diphenyl.p-IAM-Pd complex 5a. To a 10 mL Schlenk flask,
81 mg N,N'-diphenyl-P-IAM ( 0.32 mmol) and 5 mL THF were added. The solution was
heated to 50 °C, then 0.35 mL r-BuOK solution (1.0 M in t-BuOH, 0.35 mmol) was
added. The mixture was stirred at 50 °C for 15 minutes, then cooled down to 0 °C.
Afterwards, this mixture was added via a gas-tight syringe to a THF solution of 86 mg
(COD)Pd(Me)Cl (0.32 mmol). The solution was stirred at 0 °C for an hour, after which a
THF solution of 86 mg PPhj was added. The orange solution turned grey-orange after
PPha was added. The mixture was stirred for 7 hours at room temperature, then the
volatiles were removed under vacuum. The residue was washed with hexanes several
times and was extracted into CH2CI2. The extract was concentrated and kept in -35 °C
freezer. A yellow powder was precipitated out and collected by filtration. The yellow
powder was dried under vacuum to afford 54 mg (26.2%) of 5a. 'h NMR (CD2CI2): 5 -
0.49 (d, 3H, Jp.H=3.78 Hz), 1.64 (s, 3H), 1.86 (s, 3H), 4.72 (s, IH), 6.29 (m, 2H), 6.72 (m,
3H), 7.00 (m, 3H), 7.25 (m, 17H). '^C{'H} NMR: 5 7.72 (d, Jp.c=51.99 Hz), 23.2, 25.4,
97.6, 123.1, 123.4, 127.1, 127.5, 127.7, 128.1, 128.3, 128.5, 130.08, 130.11, 133.1, 133.8,
134.3, 134.4, 152.7, 153.6, 159.5, 159.8. ^'P NMR: 5 37.0 (uncorrected).
Synthesis of N,N'-dimethyl-p-IAM-Pd complex 5b. A THF solution of 126
mg N,N'-dimethyl-p-L\M (1.0 mmol) was chilled to -78 "C. To this solution, 0.63 mL
«-BuLi solution (1.6 M in hexanes, 1.0 mmol) was added. The mixture was warmed to 0
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°C and stirred for an hour. The mixture was added dropwise over several minutes via a
cannula to a solution of 265 mg (COD)Pd(Me)Cl in 25mL THF at -78 °C. The mixture
was allowed to warm to 0 °C over two hours, after which a THF solution of 262 mg PPh.,
(1.0 mmol) was added. The yellow solution was stirred at 0 °C for 7 hours, during which
it slowly turned yellow. Afterwards, the volatiles were removed under vacuum to yield a
grey-yellow solid. The residue was extracted into CH2CI2 and filtered. The volatiles in
filtrate were removed under vacuum and the residue was washed with pentane several
times, then dried under vacuum to yield 443 mg crude product of 5b. The crude product
was redissolved in ether/CHsCli mixture and pentane was allowed to diffuse into the
ether/CH2Cl2 solution. After three days, a yellow powder was precipitated out from the
mixture. The yellow powder was collected and dried under vacuum to afford 96 mg
(18.9%) of 5b. 'H NMR (CD2CI2): 6 -0.02 (d, 3H, Jp.H=4.53 Hz), 1.65 (s, 3H), 2.00 (s,
3H), 2.23 (s, 3H), 3.12 (s, 3H), 4.41 (s, IH), 7.39 (m, 9H), 7.72 (m, 6H).
Attempted synthesis of N,N'-di(2,6-diisopropylphenyl)-(3-IAM-Pd complex
5c. The same procedure described for the synthesis of 5b was applied here, using 0.42 g
N,N'-di(2,6-diisopropylphenyl)-(3-IAM (1.0 mmol), 0.65 mL n-BuLi (1.6 M in hexanes,
1.0 mmol), 0.27 g (COD)Pd(Me)Cl, 0.26 g PPhj (1.0 mmol) and 25 mL THF. The
reaction mixture was stirred in -78 °C bath overnight, during which it was allowed to
warm to room temperature. The volatiles were removed under vacuum to yield a dark-
yellow powder. The powder was found to be a crude product of 5c. Similar to 5a and 5b,
the 'H NMR peak of Pd-Me was found to be splitted by the PPhs ligand and the Jp.H is
4.50 Hz. However, due to the good solubility of crude 5c in many organic solvents, the
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recrystallization in several solvents, e.g.. CH.Cl., benzene, toluene and hexanes, failed to
afford pure compound 5c.
Attempted ethylene polymerization with palladium complex 5a. (a). To a 50
mL Schlenk flask, 10 mg 5a (1 5 ^imol) and 10 mL methylene chloride were added.
While purging with ethylene, a methylene chloride solution of (Cu(S03CF3))2-C6H(, (7.5
mg, 15 ^imol) was added to the solution of 5a. The ethylene pressure was maintained at
10 psi. Slowly the yellow solution turned brown and later black-brown. After 46 hours,
the volatiles were removed under vacuum. The residue was a dark powder and
determined not to be polymer, (b). The procedure of (a) was again applied, using 14 mg
5a (22 nmol), 50 ^iL AlEtzCl (1.8 M in toluene, 90 ^imol) and 15 mL methylene chloride.
After 40 hours, the volatiles were removed under vacuum and the residue was determined
not to be polymer, (c). The procedure of (a) was applied, using 14 mg 5a (22 ^imol), 28
mg Ni(C0D)2 (100 ^mol) and 15 mL methylene chloride. After 40 hours of reactions, the
volatiles were removed under vacuum and again no polymer was isolated.
Attempted ethylene polymerization with palladium complex 5b. In a dry-box,
a 100 mL Fisher-Porter bottle was charged with 13 mg 5b (25 |i mol), 21 mg Ni(C0D)2
(75 \imo\) and 50 mL toluene. The mixture was dried and purged with ethylene three
times over half a minute, then ethylene was pressurized to 100 psi. The yellow solution
turned orange after ethylene was introduced. Slowly, dark particles precipitated out.
After 5 hours, the volatiles were removed under vacuum. No polymer was isolated again.
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Attempted ethylene polymerization with crude product of 5c. In a dry-box, to
a 250 mL Fisher-Porter bottle were added 1.6 ,iig impure 5c, 5.5 mg Ni(COD).. (20 ^uno\)
and 50 niL toluene. The mixture was dried and purged with ethylene three times in half a
minute, then ethylene was pressurized to 100 psi. The grey-yellow solution turned dark
after ethylene was introduced. Quickly, a dark particle precipitated out. After one hours
of reaction, the volatiles were removed under vacuum. No polymer was isolated from the
residue.
Synthesis of bis(N,N'-diphenyI.(5-IAIVl).|»d complex 6. A toluene solution of
0.25 g N,N'-diphenyl-(3-lAM ( 1 .0 mmol) was chilled to -78 "C. To the solution, 0.5 mL
n-BuLi (2.0 M in pentanc, 1 .Ommol) was added. The mixture was warmed to 0 "C and
stirred for an hour, after which it was added dropwise to the toluene solution of 0.38 g
(PhCN)2PdCl2 ( 1 .0 mmol) at -78 "C. The mixture was stirred in -78 "C for an hour, and
then was warmed to 0 "C and further stirred for 8 hours. The volatiles were removed
under vacuum to afford a black-red powder. The black-red powder was recrystallized
from toluene/pentane mixture to yield a black crystal. The crystal was collected by
filtration and washed by pentane several times, then dried under vacuum to afford 0. 18 g
(59.5%) of (P-IAM)2Pd complex 6. 'll NMR (CDCl,): 8 1.56 (s, 1210,4.61 (s, 211),
6.77 (m, 8H), 6.98 (m, 411), 7.09 (m, 4H). '^C{ 'H} NMR: 6 23.6, 95.8, 125.6, 127.4,
128.1, 150.4, 156.0.
Attempted synthesis of N,N'-diphenyl-P-IAIVI-Pd complex without PIMi?
donor and attempted ethylene polymerization. Method (a). The procedure described
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preparing 5a was applied here, except no PPhs was added in the reaction. After the
reaction mixture was stirred at room temperature for 4 hours, the volatiles were removed
under vacuum to yield a black-red powder, which was found to be impure compound 6.
Method (b). The procedure described preparing 5a was applied again, except 33 mg
PhCN (0.32 mmol) was used instead of PPhs. After the reaction mixture was stirred at
room temperature overnight, the volatiles were removed under vacuum to yield a brown-
red powder, which was found to be a complicated mixture through NMR study. The
crude mixture was extracted into hexane. Ethylene was introduced to the hexane extract
and the ethylene pressure was maintained at 10 psi. No polymer, but a black power was
found after 22 hours of polymerization. Method (c). The procedure described preparing
5a was applied again, except 267 mg acetonitrile (6.40 mmol) was used instead of PPha.
After the reaction mixture was stirred at room temperature overnight, the volatiles were
removed under vacuum to yield a brown-black powder, which was found to be a
complicated mixture through 'h NMR. The crude mixture was extracted into hexane.
Ethylene was introduced to the hexane extract and the ethylene pressure was maintained
at 10 psi. A black powder was precipitated out quickly. No polymer was found after 10
hour reaction.
Attempted synthesis of N,N'-di(2,6-diisopropylphenyl)-p-IAM-Pd complex
and attempted ethylene polymerization. The THE solution of 0.42 g N,N'-di(2,6-
diisopropylphenyl)-(3-IAM (1.0 mmol) was chilled to -78 °C. To the solution, 0.63 mL
n-BuLi (1 .6 M in hexane, 1 .0 mmol) was added. The mixture was warmed to room
temperature over an hour, after which it was added to a THE solution of 0.38 g
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(PhCN),PdCl, ( 1
.0 mmol) at -78 °C. The mixture was stirred at -78 °C for 7 hours, then
the volatiles were removed under vacuum. The brown-red residue was found to be a
mixture. Attempted recrystallization in toluene/pentane mixture failed to yield any pure
compound. The crude product (0. 1 g) was dissolved in 50 mL CH.Cb and mixed with
0.47 g MAO (4.0 mmol), after which the mixture turned black-grey. Ethylene was
introduced into the mixture and the ethylene pressure was maintained at 100 psi for 1.5
hours, but no polymer was observed.
Attempted synthesis of N,N'-di(2,6-diisopropyIphenyl).p-IAM-Ni complex
and attempted ethylene polymerization. Method (a). A THF solution of 0.26 g N,N'-
di(2,6-diisopropylphenyl)-(3-IAM (0.62 mmol) was chilled to -78 °C. To the solution
0.32 mL n-BuLi (2.0 M in pentane, 0.64 mmol) was added. The mixture was warmed to 0
°C over an hour, after which it was added dropwise to the toluene solution of 0.35 g
?ra«^-(PPh3)2Ni(Ph)Cl (1.0 mmol) at -78 °C. While stirred overnight, the mixture was
allowed to warm to 0 °C. The volatiles were removed under vacuum to afford a deep-red
powder. The residue was extracted into pentane, and the extract was concentrated then
kept in -35 °C freezer overnight. A deep-red powder was precipitated out. The powder
was collected through filtration and dried under vacuum. A 250 mL Fisher-Porter bottle
was charged with 21 mg of the deep-red powder and 20 mL toluene. The mixture was
stirred over several minutes, after which a toluene solution of 21 mg Ni(C0D)2 (75 jimol)
was added dropwise. The mixture was dried and purged with ethylene three times over
half a minute, then ethylene was pressurized to 100 psi. The orange solution turned
yellow after ethylene was introduced. No polymer, but a dark powder was observed after
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16 hours of reaction. Method (b). The procedure described in Method (a) was applied
here, except using benzene instead of THF. The isolated crude product was inactive in
ethylene polymerization as well. Method (c). A THF solution of 168 mg /-BuOK(1.5
mmol) and 152 mg diisopropylamine (1.5 mmol) was chilled to -78 T. To the solution
0.63 mL n-BuLi (1.6 M in hexanes, 1.0 mmol) was added. The mixture turned yellow
quickly and stirred for 5 minutes, after which a THF solution of 0.42 g N,N'-di(2,6-
diisopropylphenyl)-p-IAM (1.0 mmol) was added to it dropwise. The mixture was stirred
for an hour at -78 °C, after which the volatiles were removed under vacuum. The residue
was redissolved in toluene and was added to a toluene solution of 0.70 g trans-
(PPh3)2Ni(Ph)Cl at -78 °C. The mixture was stirred at -78 °C for an hour, then allowed
to warm up to room temperature and stirred for 9 hours. The mixture was filtered
through a Celite layer and the volatiles in filtrate were removed under vacuum to yield a
brown-black solid. The solid was extracted into hexane and filtered. The filtrate was
concentrated to yield a brown-black powder. Ethylene polymerizations in toluene were
attempted for both of the hexane-soluble and hexane-insoluble solids (50 mg,
respectively) together with Ni(C0D)2 (20 mg, 73 |imol); however, after one hour of
ethylene polymerization at 100 psi, no polymer, but black powder was observed for both
solids.
Attempted synthesis of N,N'-dimethyl-p-IAM-Ni complex. A THF solution of
1 1 mg N,N'-dimethyl-p-IAM (87 ^immol) was chilled to -78 °C. To the solution 44 \iL
«-BuLi (2.0 M in pentane, 88 |J.mol) was added. The mixture was warmed to 0 °C and
stirred for an hour, after which it was added dropwise to the toluene solution of 61 mg
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rra«.-(PPh3).Ni(Ph)Cl (88 ^mol) at -78 °C. While stirred overnight, the mixture was
allowed to warm to 0 °C, after which the volatiles were removed under vacuum to afford
a gray-brown powder, which was not target product through NMR analysis.
Synthesis of N-2,6-diisopropylphenyI-ketoniiiiine. To a 25 mL flask, 6.5 g 2,6
diisopropylaniline (37 mmol), 3.7 g acetylactone (37 mmol) and 2 drops of 37%
hydrochloride acid were mixed together. The mixture was heated to reflux and stirred for
3 hours. Afterwards, the mixture was extracted into CH2CI2. The CH2CI2 extract was
dried by CaCb, then filtered through a Celite layer. The volatiles in filtrate were
removed under vacuum. A colorless viscous oil was distilled out from the residue by a
Kugelrohr at 80 "C and 100 mTorr. The viscous oil was recrystallized from hexane to
yield a colorless needle crystal. The crystal was collected by filtration and dried under
vacuum to afford 3.9 g (40.6%) N-2,6-diisopropylphenyl-ketonimine. The product is
100% pure through GC/MS analysis, 'h NMR (CfiDf,): 5 1.15 (d, 6H), 1.21(d, 6H),
1 .52(s, 3H), 2.2 1 (s, 3H), 3.24 (sept, 2H), 5.26 (s, 1 H), 7. 1 3-7.30(m, 3H), 1 2.86 (b, 1 H).
''C{ 'H} NMR: 6 19.2, 23.0, 24.9, 29.2, 29.4, 96.3, 124.2, 128.9, 134.6, 147.0, 162.1,
196.2.
Synthesis of bis(N-2,6-diisopropylphenyl-ketoniminate)-Ni complex 7. A 25
mL Schlenk flask was charged with 0.26 g N-2,6-diisopropylphenyl-ketonimine (1.0
mmol), 60 mg NaH and 10 mL THF. The mixture was stirred over 45 minutes, after
which it was filtered. The volatiles in filtrate were removed under vacuum and the
residue was redissolved in benzene. To this solution, 0.70 g trans-(PPhr^)2N\(Ph)C\ ( 1 .0
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mmol) was added dropwise. The mixture was stirred at room temperature overnight, then
was filtered through a Celite layer. The volatiles in filtrate were removed under vacuum
and the gray-red residue was extracted into pentane. The extract was concentrated and
kept in
-35 "C freezer. A green-black powder was precipitated out. The precipitate was
collected and recrystallized again in pentane at -35 "C. A black crystal was isolated
the recrystallization. The crystal was dried under vacuum to afford 0. 10 g (34.7%)
complex 7. 'h NMR (CDCI3): 5 0.89 (s, 6H), 1.21(d, 12H), 1.42 (s, 6H), 1.54 (d, 12H),
3.83 (sept, 4H), 4.82 (s, 2H), 6.98-7. 10(m, 6H). ^'C{ 'll} NMR: 8 22.5, 24.0, 24.4, 24.6,
28.9, 98.2, 123.1, 125.2, 142.5, 144.9, 166.0, 174.9.
rom
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APPENDIX
THE X-RAY ANALYSIS RESULTS
138
Summary of crystallographic data, collection parameter and refinement
Space Group and Cell Dimensions: Triclinic, P-1
a: 13.8439(11) b: 16.5686(14) c: 16.6081(17)
alpha: 110.180(9) beta: 103.994(9) gamma: 90.664(10)
Volume: 3450.6(5)A**3
Empirical formula: C33 H49 C13 N2 O Zr
Cell dimensions were obtained from 25 reflections with 2Theta angle
in the range 33.00- 38.00 degrees.
Crystal dimensions: 0.38 X 0.36 X 0.32 mm
FW = 687.34 Z = 4 F(OOO) =1430.46
Dcalc: 1.323 Mg.m-3; mu: 0.58 mm- 1; lambda: .71073A; 2Theta(max)
The intensity data were collected on a Nonius diffractometer,
using the omega scan mode.
The h,k,l ranges used during structure solution and refinement are :-
Hmin,max -17 16; Kmin,max 0 20; Lniin,max -20 19
No. of reflections measured 13386
No. of unique reflections 13386
No. of reflections with Inet > l.Osigma(Inet) 1 123
1
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Merging R-value on intensities
.000
Absorption corrections were made.
The minimum and maximum transmission factors are .972157 and
.999374.
The last least squares cycle was calculated with
178 atoms, 722 parameters and 1 1219 out of 13386 reflections.
Weights based on counting-statistics were used.
The weight modifier K in KFo**2 is .000100
The residuals are as follows :-
For significant reflections, RF .027, Rw .029 GoF 1.44
For all reflections, RF .028, Rw .029.
where RF = Sum(Fo-Fc)/Sum(Fo),
Rw = Sqrt[Sum(w(Fo-Fc)**2)/Sum(wFo**2)] and
GoF = Sqrt[Sum(w(Fo-Fc)**2)/(No. of reflns - No. of params.)!
The maximum shift/sigma ratio was 0.001.
In the last D-map, the deepest hole was -.350e/A**3,
and the highest peak .390e/A**3.
Secondary ext. coeff. .0045 microns sigma .0036
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A.2 Atomic coordinates
Table A.l Atomic coordinates of complex 24e.
Biso
Zr
.583918(13)
Cll .68877 (4)
C12 .56084 ( 4)
C13 .54987 ( 4)
O
.45594(10)
Nl
.51113(11)
N2
.72080(12)
CI .47181(15)
C2
.53967(14)
C3 .63408 (15)
C4 .72031 (14)
C5 .81745 (15)
C6 .42276(14)
C7 .43611 (15)
C8 .35134(17)
C9 .25651 (16)
CIO .24460(15)
Cll .32690(14)
C12 .82059(14)
C13 .86186(15)
C14 .95846(16)
C15 1.01096(15)
C16 .96828 (15)
C17 .87291 (14)
C18 .53848 (16)
C19 .55218 (18)
C20 .55831 (17)
C21 .30762(15)
C22 .25199(19)
C23 .24709(18)
C24 .80658 (15)
C25 .83441 (19)
C26 .81960(18)
C27 .83368 (15)
C28 .80905(17)
C29 .90914(17)
C30 .44768 (15)
C31 .40134(15)
C32 .33284(15)
C33 .39647 (15)
.986349(12)
1.08038 (4)
.88120 ( 3)
1.08912 ( 3)
1.04309(8)
.88013 (10)
.95809(10)
.81870(14)
.86900(12)
.89917(13)
.93034(12)
.92742(13)
.82567 (12)
.74430(13)
.69234(14)
.71911 (14)
.79802(14)
.85276(13)
.98192(13)
.92240(13)
.94508 (14)
1.02398 (15)
1.08212(13)
1.06237(13)
.71098
.66376
.65130
.93463
.99555
.91244
.83426
.79805
.76929
1.12771
1.21004
1.15324
1.13777
1.15786
1.07560
1 .00592
13)
15)
15)
15)
16)
18)
14)
16)
14)
13)
14)
15)
13)
14)
14)
14)
.744096(12)
.70652 ( 4)
.59492 ( 3)
.87697 ( 3)
.67416(8)
.77096(10)
.82671 (11)
.87866(14)
.84943 (13)
.90838 (13)
.89395 (13)
.95861 (14)
.70716(12)
.64813 (13)
.58792(14)
.58423 (14)
.64301 (14)
.70677 (13)
.82121 (13)
.75843 (13)
.75583 (14)
.81194(15)
.87212(14)
.87887 (13)
.65033 (14)
.55674(15)
.70438 (16)
.77602(15)
.73406(19)
.83350(16)
.69787 (14)
.60955 (16)
.74556(16)
.95097(14)
.93055 (16)
1.04257(15)
.70680(14)
.62487(14)
.56552(14)
.58024(13)
1.062( 8)
2.04 ( 2)
1.81 (2)
1.529(20)
1.28(6)
1.10(7)
1.21 (7)
1.69(9)
1.25(8)
1.36(9)
1.26(8)
1.62(9)
1.23(8)
1.39(8)
1 .90 ( 9)
1.88(9)
1.72(9)
1.42(8)
1.25(8)
1.55(9)
1.91 (10)
1.93 (10)
1.63(9)
1.39(8)
1.68(9)
2.42(10)
2.27(11)
2.24(10)
2.97 (13)
3.02(12)
1.92(9)
2.84(11)
2.58 (11)
1.73 (9)
2.48(11)
2.49(10)
1 .60 ( 9)
1.81 (10)
1.83(10)
1.68(9)
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Zr'
.084405(14)
.334002(12)
cir
.19133(4)
.21697 ( 3)
C12' .07561 (4) .34571 ( 3)
C13' .03900 ( 4) .31389 ( 3)0'
-.03895 (10) .22382 ( 9)
NT .00615 (12) .45339 nOl
N2' .21596 (12) A2375 (\0)
cr -.04413 (16) .58230 (14)
C2'
.02777(15)
.51627 (13)
C3'
.11956(15)
.5291 1(13)
C4' .20941 (15) .49500 (13)
C5' .30218 (16) .54522 (13)
C6' -.07321 (14) .46999 (12)
C7'
-.04899(15)
.52821 (12)
C8'
-.12624(16)
.54990(13)
C9'
-.22459(15)
.51590(13)
CIO'
-.24630(15)
.45710 (13)
CI r
-.17167(15)
.43143 (13)
C12'
.31656(14) .39957 (12)
C13' .36188 (15) .41903 (13)
C14' .45722 (16) .39303 (14)
C15' .50515 (16) .34895 (15)
C16' .45944 ( 1 6) .33094(14)
C17' .36518 (15) .35652 (13)
C18' .05825 (15) .56834 (13)
C19' .08942 (17) .55849(15)
C20' .07310(18) .66433 (15)
C2r -.19973 (15) .36524(14)
C22' -.28865 (18) .30032(16)
C23' -.21991 (20) .40629(18)
C24' .31291 (15) .47075 ( 1 4)
C25' .331 12 (19) .44020(17)
C26' .34655 (17) .56753 (15)
C27' .32181 (16) .33848 (14)
C28' .29763 (19) .24154(16)
C29' .39404 (20) .37833 (16)
C30' -.05525 (16) .15123(14)
C3r -.09331 (18) .07359 (15)
C32' -.15223 (19) .1 1373 (16)
C33' -.08587(19) .19546 (16)
Hla .510 .783
Hlb .420 .783
Hlc 442 858
H3 .641 .899
H5a .805 .892
H5b .843 .985
. /47020(12) 1.071( 8)
. / 1 oOz ( 4) 1.92 ( 2)
.oU362 ( 3) 1.71 (2)
.0/202 ( 3) 1.73 ( 2)
.00450 ( 9) 1.50(6)
.//542 (10) 1.23 (7)
.o3933 (10) 1.17(7)
.08427 (14) 2.09 (10)
.85642 (13) 1.38 ( 9)
.91937 (12) 1 .47 ( 9)
.yU/5l (13) 1.39 ( 8)
.9/834 (13) 1.74 ( 9)
. /UvJ!) (12) 1.27 ( 8)
.0/04/ (13) 1.34 ( 8)
.01303 (13) 1.58 ( 9)
CACAA / 1 O
\
.j9j00 (13) 1.69 ( 9)
.63 183 (13) 1.57 ( 9)
.68863 (13) 1.37 ( 8)
O Q TAA / 1 O
\
.83700 (13) 1.45 ( 8)
. / /826 (13) 1.59 ( 8)
. / /j09 (15) 2.13 ( 9)
.oz/42 (16) 2.47 (10)
QO CO O /I C\
.o8j38 (15) 2.24 (10)
OAOAC / 1 >1 \oyjOj (14) \J2{9)
ATA / 1 O
.689/9 (13) 1 .60 ( 9)
.605 16 (15) 2.13 (10)
'7 A O A'^ / 1 ^\
. /4892 (17) 2.77 (11)
. /2662 (14) 1.75 (10)
.66416 (17)
'O TO / I 1 \
2.78 (11)
.81747 (17)
O \ A / 1 ^ \
3.14 (12)
nil A C / 1 y1 \
. /2245 (14) 1 "HA / C\\1.74 ( 9)
.62959 ( 1 6)
'O OT / 1 \2.87 (12)
. / / 1 /3 ( 15) 2.32 (10)
A^ 1 OO / 1 C
\
.96182 (15) 2.07 (10)
A/1A/1A
.94040 (16) 2.82 (1 1)
.05542 (16) 3.06 (12)
.69475 (15)
f\f\ /
1
2.09 (10)
.61050 (16) 2.60 (1 1)
.5471 1(16) 3.10 (1 1)
.56879 (15) 2.86 (1 1)
.906 2.6
.828 2.6
.921 2.6
.967 2.2
.991 2.4
.999 2.4
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H5c
.865
.903
.926
H8 .359
.637
.548
H9
.199
.683
.541
HIO
.179
.816
.640
H14
.988
.905
.714
H15 1.077 1.038
.809
H16 1.005 1.137
.910
H18
.588
.760
.679
H19a .532
.698
.521
H19b .512
.609
.530
H19c .621
.655
.561
H20a .556
.682
.764
H20b .623
.632
.705
H20c .508
.602
.678
H21 .371
.965
.814
H22a .288 1.007
.696
H22b .247 1.049
.780
H22c .186
.969
.700
H23a .280
.872
.858
H23b .181
.887
.797
H23c .242
.964
.881
H24 .737
.842
.684
H25a .830
.841
.583
H25b .789 .748
.571
H25c .902 .782
.620
H26a .787 .786
.793
H26b .890 .768
.770
H26c .791 .713
.704
H27 .773 1.101
.954
H28a .758 1.195
.876
H28b .868 1.236
.925
H28c .786 1.250
.978
H29a .931 1.102 1.053
H29b .878 1.186 1.088
H29c .966 1.188 1.044
H30a .405 1.152 .747
H30b .512 1.169 .737
H31a .364 1.207 .638
H31b .452 1.168 .598
H32a .316 1.071 .504
H32b .272 1.073 .584
H33a .440 .992 .541
H33b .355 .954 .570
Hla' -.059 .581 .937
Hlb' -.105 .569 .838
Hlc' -.014 .639 .895
2.4
2.6
2.6
2.6
2.8
2.9
2.4
2.5
3.2
3.2
3.2
3.2
3.2
3.2
2.8
4.2
4.2
4.2
4.0
4.0
4.0
2.6
3.4
3.4
3.4
3.2
3.2
3.2
2.4
3.2
3.2
3.2
3.1
3.1
3.1
2.3
2.3
2.7
2.7
2.6
2.6
2.3
2.3
2.7
2.7
2.7
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H3' .121
.566 970 1.
1
H5a' .294
.606 9Q7 lA
H5b' .359
.535 LA
H5c' .312
.527
1 028 0 ALA
H8'
-.111
.589
Z.J
H9' -.277
.533 557
HIO' -.314
.433 618 0 0z.z
H14' .490
.406 736 Z. /
H15' .570
.330 823 Lry
H16' .494
.301 922 z. /
H18' .102
.538 11\ Z.J
HI 9a' .080
.499 568
HI 9b' .159
.580 620
HI 9c' .049
.591 574 OA)
H20a' .057
.671 804 JO
H20b' .030 .696 719 3 3J.J
H20c' .142 .686 761 J.J
H21' -.144
.333 734 9 7
H22a' -.278
.277 606 3 6J.U
H22b' -.349
.329 661 3 6J.U
H22c' -.295
.255 686 3J.U
H23a' -.160
.440 859 4 1
H23b' -.239
.362
.837 4 1
H23c' -.273
.443
.813 4 1
H24' .242 .463
.715 2 5
H25a' .313 .379
.601 3 6
H25b' .401 .453
.635 3 6
H25c' .291 .470
.595 3 6
H26a' .324 .587
.825 3 1
H26b' .319 .599
.734 3 1
H26c' .418 .577
.787 3 1
H27' .261 .365 .963 2 8
H28a' .247 .218 .885 3.5
H28b' .274 .233 .987 3.5
H28c' .357 .213 .936 3.5
H29a' .414 .438 1.067 3.7
H29b' .452 .347 1.058 3.7
H29c' .361 .375 1 .099 3.7
H30a' .006 .142 .731 2.9
H30b' -.104 .163 .728 2.9
H31a' -.039 .046 .590 3.2
H31b' -.135 .032 .619 3.2
H32a' -.163 .076 486 3 6
H32b' -.216 .127 .559 3.6
H33a' -.124 .239 .555 3.4
H33b' -.036 .183 .536 3.4
Biso is the Mean of the Principal Axes of the Thermal Ellipsoid
A.3 Bond lengths and bond angles
Table A.2 Bond lengths of complex 24e.
Zr'-Cl 1
'
9 44 1 Q(fi\
Zr'-CI2' 9 49Q7r^^^
Zr'-C13' 9 A^^Offi^
Zr'-O'
'
1 2788CI4^
Zr'-N 1
'
2 2216(\f\\
Zr-N2' 2 21 lOMfi^
O-C30' 1 485C2^
0-C33' 1 47 in^
Nl -C2'
Nr-C6' 1 456^2^
N2-C4' 1 349C3^
N2-C12'
CI -C2' 1 5i7n^
Cl'-Hla' 960(^2^
Cr-Hlb' 960f2^
CI -Hlc'
C2-C3' 1 397G)
C3'-C4' 1 40on^
C3'-H3'
C4'-C5'
C5-H5b'
.960(2)
C5'-H5c'
.960(2)
C6'-C7' 1.410(3)
C6'-C 1 1
'
1 .409(3)
C7'-C8' 1.391(3)
C7'-C18' 1.533(3)
C8'-C9' 1.389(3)
C8'-H8' .960(2)
C9'-C10' 1.381(3)
C9 -H9 ' .9600(20)
ClO'-Cl r 1.398(3)
ClO'-HIO' .9600(20)
cir-C2r 1.529(3)
C12'-C13' 1.399(3)
Zr-Cll 2.4454(6)
Zr-C12 2.4294(6)
Zr-C13 2.4332(6)
Zr-O 2.2736(13)
Zr-Nl 2.2427(15)
Zr-N2 2.2134(16)
O-C30 1.488(2)
0-C33 1.481(2)
N1-C2 1.344(2)
N1-C6 1.457(2)
N2-C4 1 .348(3)
N2-C12 1.465(2)
C1-C2 1.515(3)
CI -HI a .960(2)
Cl-Hlb
.960(2)
CI -Hlc
.960(2)
C2-C3 1.395(3)
C3-C4 1.399(3)
C3-H3 .9600(19)
C4-C5 1.518(3)
C5-H5a .960(2)
C5-H5b .960(2)
C5-H5C .960(2)
C6-C7 1.412(3)
C6-C11 1.405(3)
C7-C8 1.390(3)
C7-C18 1.524(3)
C8-C9 1.385(3)
C8-H8 .960(2)
C9-C10 1.375(3)
C9-H9 .960(2)
ClO-Cll 1.404(3)
CIO-HIO .960(2)
C11-C21 1.521(3)
C12-C13 1.406(3)
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C12-CI7 1.407(3)
C13-C14 1.400(3)
C13-C24 1.523(3)
C14-C15 1.384(3)
C14-H14
.960(2)
C15-C16 1.382(3)
C15-H15
.9600(20)
C16-C17 1.396(3)
C16-H16
.960(2)
C17-C27 1.528(3)
C18-C19 1.540(3)
C18-C20 1.536(3)
C18-H18
.960(2)
C19-H19a
.960(2)
C19-H19b
.960(2)
C19-H19C
.960(2)
C20-H20a
.960(2)
C20-H20b
.960(2)
C20-H20C
.960(2)
C21-C22 1.530(4)
C21-C23 1.540(3)
C21-H21
.960(2)
C22-H22a
.960(2)
C22-H22b
.960(3)
C22-H22C
.960(3)
C23-H23a
.960(3)
C23-H23b
.960(3)
C23-H23C
.960(3)
C24-C25 1.527(3)
C24-C26 1.530(3)
C24-H24
.960(2)
C25-H25a
.960(3)
C25-H25b
.960(2)
C25-H25C .960(2)
C26-H26a .960(2)
C26-H26b
.960(2)
C26-H26C .960(2)
C27-C28 1.538(3)
C27-C29 1.537(3)
C27-H27 .9600(20)
C28-H28a .960(2)
C28-H28b .960(2)
C28-H28C .960(2)
C29-H29a .960(3)
C29-H29b .960(2)
C29-H29C .960(2)
^ 1 ^ -v^ 1 / 1.412(3)
1.401(3)
1.520(3)
It 1 J
.378(3)
^ It-
-O 1^
.960(2)
1 0 OA/ /I \1.3o0(4)
^ * n i o
.9d0(2)
1 ono /o \1.395(3)
1 u -n 1
0
.960(2)
CM' P97' 1.522(3)
^ 1 o 1 y 1.525(3)
c 1 S' P7n' 1 CO y1 /O \1.534(3)
P 1 8' HIS'
.950(2)
^ 1 y n 1 yd
.960(2)
^ ly -n 1 yu .9oU(2)
ly
-n 1 yC .9o0(z)
.90U(J)
.9o0(3)
.9oU(z)
CO 1 ' P99'
1 .jz6(3)
v^Z 1
-y^Zj 1
.522(3)
CO 1 -H9 1
'
1 ~OZ 1 .V0U(2)
r99 -H99n'
.VoU(J
)
^99 -H99K'
.VOU(J )
COO' H99r-'^zz
-nzzc .you(z)
P9^' H97o'^zj)
-nzjd
r91 -H9^K'
r?^ -H9^r'V^^J ~OZJ)C
^Zt -l^ZJ 1 .j5J(3)
COA' P9A'^ZH -^zo 1 .jJ5(Jj
^Zt -rlZ4 .9oUU(20)
P9S' W9^'i'^ZJ -iiZJcl .9oU(J)
C25'-H25b'
.960(2)
C25'-H25c'
.960(3)
C26'-H26a'
.960(2)
C26'-H26b'
.960(2)
C26'-H26c'
.960(2)
C27-C28' 1.534(3)
C27'-C29' 1.542(3)
C27-H27'
.960(2)
C28'-H28a' .960(2)
C28'-H28b' .960(3)
C28'-H28c'
.960(3)
C29'-H29a' .960(3)
C29'-H29b' .960(3)
C29-H29C' .960(3)
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C30-C31 1.506(3)
C30-H30a
.960(2)
C30-H30b
.960(2)
C31-C32 1.523(3)
C31-H31a
.960(2)
C31-H31b
.960(2)
C32-C33 1.511(3)
C32-H32a
.960(2)
C32-H32b
.960(2)
C33-H33a
.960(2)
C33-H33b
.960(2)
C30-C31' 1.509(3)
C30'-H30a'
.960(2)
C30'-H30b'
.960(2)
C3r-C32' 1.515(4)
C3r-H31a'
.960(2)
C3r-H31b'
.960(2)
C32'-C33' 1.511(3)
C32'-H32a'
.960(2)
C32'-H32b'
.960(3)
C33'-H33a'
.960(3)
C33'-H33b'
.960(3)
Table A.3 Bond angles of complex 24e.
Cll-Zr-CI2
Cll-Zr-C13
CI 1 -Zr-O
Cll-Zr-Nl
CI 1 -Zr-N2
C12-Zr-C13
C]2-Zr-0
C12-Zr-Nl
C12-Zr-N2
C]3-Zr-0
C13-Zr-Ni
C13-Zr-N2
O-Zr-N 1
0-Zr-N2
Nl-Zr-N2
Zr-O-C30
Zr-0-C33
C30-O-C33
Zr-N 1 -C2
Zr-N 1 -C6
C2-N 1 -C6
Zr-N2-C4
Zr-N2-C 1
2
C4-N2-C12
C2-Cl-Hla
C2-Cl-Hlb
C2-C1-H1C
Hla-Cl-Hlb
Hla-Cl-Hlc
Hlb-Cl-Hlc
88.25(2)
100.59(2)
83.79(4)
167.90(4)
88.89(4)
161.844(19)
82.43(4)
85.26(4)
106.05(4)
82.81(4)
88.54(4)
90.08(4)
105.41(5)
168.67(5)
83.12(6)
120.83(11)
127.43(11)
107.95(14)
122.24(12)
120.99(11)
1 16.43(15)
123.19(12)
121.38(12)
114.71(16)
109.45(18)
109.53(18)
109.43(18)
109.5(2)
109.47(20)
109.47(20)
Cir-Zr'-C!2'
Cir-Zr'-CI3'
CI 1 '-Zr'-O'
CI 1 '-Zr'-N 1
'
CI I '-Zr'-N2'
C12'-Zr'-C13'
CI2
-Zr'-O'
C12'-Zr'-Nl'
C12'-Zr'-N2'
C13 '-Zr'-O'
C13'-Zr'-Nr
C13'-Zr'-N2'
O'-Zr'-Nl'
0'-Zr'-N2'
Nr-Zr'-N2'
Zr'-O'-C30'
Zr'-0'-C33'
C30'-O'-C33'
Zr'-N r-C2'
Zr'-N r-C6'
C2'-Nr-C6'
Zr'-N2'-C4'
Zr'-N2'-C12'
C4'-N2'-C12'
C2'-Cr-Hla'
C2'-Cr-Hlb'
C2'-Cr-Hlc'
Hla'-Cr-Hlb'
Hla'-Cl'-Hlc'
Hlb'-Cr-Hlc'
90.56(2)
98.26(2)
82.29(4)
171.34(4)
89.94(4)
162.729(19)
83.02(4)
85.96(4)
104.81(4)
83.48(4)
87.20(4)
90.10(4)
105.11(5)
169.09(5)
83.30(6)
121.19(1 1)
127.1 1(12)
108.18(15)
122.39(13)
123.45(12)
1 14.15(16)
123.23(13)
119.67(12)
116.33(16)
109.45(19)
109.52(18)
109.44(19)
109.5(2)
109.5(2)
109.5(2)
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N1-C2-C1 121.78(17)
N1-C2-C3 123.43(17)
C1-C2-C3 114.75(17)
C2-C3-C4 129.03(18)
C2-C3-H3 115.37(18)
C4-C3-H3 115.60(19)
N2-C4-C3 124.43(18)
N2-C4-C5 120.79(17)
C3-C4-C5 114.73(17)
C4-C5-H5a 109.48(18)
C4-C5-H5b 109.47(18)
C4-C5-H5C 109.46(18)
H5a-C5-H5b 109.47(20)
H5a-C5-H5c 109.5(2)
H5b-C5-H5c 109.47(20)
N1-C6-C7 118.17(17)
N1-C6-C11 120.48(17)
C7-C6-C11 121.32(18)
C6-C7-C8 117.86(18)
C6-C7-C18 122.57(17)
C8-C7-C18 119.53(18)
C7-C8-C9 121.75(19)
C7-C8-H8 119.1(2)
C9-C8-H8 119.2(2)
C8-C9-C10 119.68(19)
C8-C9-H9 120.0(2)
C10-C9-H9 120.3(2)
C9-C10-C11 121.40(19)
C9-C10-H10 119.5(2)
Cll-ClO-HlO 119.1(2)
C6-C11-C10 117.92(18)
C6-C11-C21 123.23(17)
C10-C11-C21 118.67(18)
N2-C12-C13 118.41(17)
N2-C12-C17 119.74(17)
C13-C12-C17 121.84(17)
C12-C13-C14 117.70(19)
C12-C13-C24 121.88(18)
C14-C13-C24 120.36(18)
C13-C14-C15 121.24(19)
C13-C14-H14 119.2(2)
C15-C14-H14 119.6(2)
C14-C15-C16 120.09(18)
C14-C15-H15 120.1(2)
C16-C15-H15 119.8(2)
C15-C16-C17 121.21(19)
Nl'-C2'-Cr 122.19(17)
Nl'-C2-C3' 123.14(18)
Cr-C2'-C3' 114.58(17)
C2'-C3'-C4' 128.88(18)
C2-C3'-H3' 115.47(19)
C4-C3'-H3' 115.66(19)
N2-C4'-C3' 124.20(18)
N2'-C4'-C5' 120.97(17)
C3'-C4'-C5' 114.83(17)
C4-C5'-H5a' 109.45(18)
C4'-C5'-H5b' 109.52(18)
C4'-C5'-H5c' 109.44(18)
H5a'-C5'-H5b' 109.5(2)
H5a'-C5'-H5c' 109.47(20)
H5b'-C5'-H5c' 109.5(2)
Nl'-C6'-C7' 117.92(17)
Nr-C6'-Cll' 120.25(17)
C7'-C6'-Cir 121.77(18)
C6'-C7'-C8' 118.07(18)
C6'-C7'-C18' 122.47(17)
C8'-C7'-C18' 119.46(18)
C7'-C8'-C9' 121.10(19)
C7'-C8'-H8' 119.24(20)
C9'-C8'-H8' 119.65(20)
C8'-C9'-C10' 119.88(18)
C8'-C9'-H9' 120.1(2)
C10'-C9'-H9' 120.1(2)
C9'-C10'-C11' 121.67(18)
C9'-C10'-H10' 119.40(20)
Cir-ClO'-HlO' 118.93(20)
C6'-C11'-C10' 117.38(18)
C6'-C11'-C21' 123.12(17)
C10'-Cir-C2r 119.49(18)
N2'-C12'-C13' 118.80(17)
N2'-C12'-C17' 119.46(18)
C13'-C12'-C17' 121.74(19)
C12'-C13'-C14' 117.96(20)
C12'-C13'-C24' 121.90(18)
C14'-C13'-C24' 120.07(19)
C13'-C14'-C15' 121.4(2)
C13'-C14'-H14' 119.2(2)
C15'-C14'-H14' 119.4(2)
C14'-C15'-C16' 119.69(20)
C14'-C15'-H15' 120.3(2)
C16'-C15'-H15' 120.0(2)
C15'-C16-C17' 121.8(2)
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C15-C16-H16 119.64(20)
C17-C16-H16 119.2(2)
C12-C17-C16 117.90(18)
C12-C17-C27 124.03(17)
C16-C17-C27 118.01(18)
C7-C18-C19 112.63(18)
C7-C18-C20 111.54(17)
C7-C18-H18 107.75(18)
C19-C18-C20 109.54(17)
C19-C18-H18 107.49(18)
C20-C18-H18 107.66(19)
C18-C19-H19a 109.51(19)
C18-C19-H19b 109.5(2)
C18-C19-H19C 109.4(2)
H19a-C19-H19b 109.5(2)
H19a-C19-H19c 109.5(2)
H19b-C19-H19c 109.5(2)
C18-C20-H20a 109.50(19)
C18-C20-H20b 109.46(20)
C18-C20-H20C 109.5(2)
H20a-C20-H20b 109.5(2)
H20a-C20-H20c 109.5(2)
H20b-C20-H20c 109.5(2)
C11-C21-C22 112.30(19)
C11-C21-C23 110.72(19)
C11-C21-H21 108.64(18)
C22-C21-C23 109.04(18)
C22-C21-H21 108.0(2)
C23-C21-H21 108.0(2)
C21-C22-H22a 109.4(2)
C21-C22-H22b 109.6(2)
C21-C22-H22C 109.4(2)
H22a-C22-H22b 109.5(2)
H22a-C22-H22c 109.5(3)
H22b-C22-H22c 109.5(2)
C21-C23-H23a 109.5(2)
C21-C23-H23b 109.5(2)
C21-C23-H23C 109.4(2)
H23a-C23-H23b 109.5(3)
H23a-C23-H23c 109.5(2)
H23b-C23-H23c 109.5(2)
C13-C24-C25 113.65(19)
C13-C24-C26 111.31(18)
C13-C24-H24 107.13(18)
C25-C24-C26 110.83(18)
C25-C24-H24 106.71(20)
C15'-C16'-H16' 119.2(2)
C17'-C16'-H16' 119.0(2)
C12'-C17'-C16' 117.37(20)
C12'-C17'-C27' 123.80(18)
C16'-C17'-C27' 118.81(19)
C7'-C18'-C19' 112.45(17)
C7-C18'-C20' 111.96(17)
C7'-C18'-H18' 107.70(18)
C19'-C18'-C20' 109.09(18)
C19'-C18'-H18' 107.62(19)
C20'-C18'-H18' 107.83(19)
C18'-C19'-H19a' 109.45(19)
C18'-C19'-H19b' 109.41(19)
C18'-C19'-H19c' 109.55(20)
H19a'-C19'-H19b' 109.5(2)
H19a-C19'-H19c' 109.5(2)
H19b'-C19'-H19c' 109.5(2)
C18'-C20'-H20a' 109.5(2)
C18'-C20'-H20b' 109.5(2)
C18'-C20'-H20c' 109.5(2)
H20a'-C20'-H20b' 109.5(2)
H20a'-C20'-H20c' 109.5(2)
H20b'-C20'-H20c' 109.5(2)
Cir-C2r-C22' 113.08(17)
Cir-C21'-C23' 113.31(18)
Cir-C2r-H2r 107.17(17)
C22'-C2r-C23' 109.20(18)
C22'-C2r-H2r 106.51(20)
C23'-C2r-H2r 107.15(20)
C2r-C22'-H22a' 109.5(2)
C2r-C22'-H22b' 109.5(2)
C21'-C22'-H22c' 109.4(2)
H22a'-C22'-H22b' 109.5(2)
H22a'-C22'-H22c' 109.5(2)
H22b'-C22'-H22c' 109.5(2)
C21'-C23'-H23a' 109.5(2)
C2r-C23'-H23b' 109.5(2)
C2r-C23'-H23c' 109.4(2)
H23a'-C23'-H23b' 109.5(3)
H23a'-C23'-H23c' 109.5(3)
H23b'-C23 -H23c' 109.5(2)
C13'-C24'-C25' 113.15(18)
C13-C24'-C26' 110.52(17)
C13'-C24'-H24' 107.65(18)
C25'-C24'-C26' 110.89(18)
C25'-C24'-H24' 107.17(19)
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C26-C24-H24 106.79(20)
C24-C25-H25a 109.5(2)
C24-C25-H25b 109.4(2)
C24-C25-H25C 109.5(2)
H25a-C25-H25b 109.5(2)
H25a-C25-H25c 109.5(3)
H25b-C25-H25c 109.5(2)
C24-C26-H26a 109.49(20)
C24-C26-H26b 109.4(2)
C24-C26-H26C 109.5(2)
H26a-C26-H26b 109.5(2)
H26a-C26-H26c 109.5(2)
H26b-C26-H26c 109.5(2)
C17-C27-C28 112.14(17)
C17-C27-C29 111.39(17)
C17-C27-H27 108.23(18)
C28-C27-C29 108.89(17)
C28-C27-H27 107.91(19)
C29-C27-H27 108.14(19)
C27-C28-H28a 109.50(19)
C27-C28-H28b 109.47(20)
C27-C28-H28C 109.4(2)
H28a-C28-H28b 109.5(2)
H28a-C28-H28c 109.5(2)
H28b-C28-H28c 109.5(2)
C27-C29-H29a 109.50(19)
C27-C29-H29b 109.5(2)
C27-C29-H29C 109.4(2)
H29a-C29-H29b 109.5(2)
H29a-C29-H29c 109.5(2)
H29b-C29-H29c 109.5(2)
O-C30-C31 105.27(16)
O-C30-H30a 110.24(17)
O-C30-H30b 110.69(17)
C31-C30-H30a 110.13(18)
C31-C30-H30b 111.01(18)
H30a-C30-H30b 109.44(20)
C30-C31-C32 102.53(16)
C30-C31-H31a 111.53(19)
C30-C31-H31b 110.65(19)
C32-C31-H31a 111.48(19)
C32-C31-H31b 111.13(19)
H31a-C31-H31b 109.4(2)
C31-C32-C33 102.21(16)
C31-C32-H32a 111.19(19)
C31-C32-H32b 111.28(19)
C26-C24'-H24' 107.16(19)
C24'-C25'-H25a' 109.4(2)
C24'-C25'-H25b' 109.5(2)
C24-C25'-H25c' 109.5(2)
H25a'-C25'-H25b' 109.5(3)
H25a'-C25'-H25c' 109.5(2)
H25b'-C25'-H25c' 109.5(2)
C24'-C26'-H26a' 109.47(19)
C24'-C26'-H26b' 109.47(20)
C24'-C26'-H26c' 109.5(2)
H26a'-C26'-H26b' 109.5(2)
H26a'-C26'-H26c' 109.5(2)
H26b'-C26'-H26c' 109.5(2)
C17'-C27'-C28' 112.65(19)
C17'-C27'-C29' 110.86(19)
C17'-C27'-H27' 108.11(18)
C28'-C27'-C29' 109.06(18)
C28'-C27'-H27' 108.1(2)
C29'-C27'-H27' 107.9(2)
C27'-C28'-H28a' 109.5(2)
C27'-C28'-H28b' 109.5(2)
C27'-C28'-H28c' 109.4(2)
H28a'-C28'-H28b' 109.5(2)
H28a'-C28'-H28c' 109.5(3)
H28b'-C28'-H28c' 109.5(2)
C27'-C29'-H29a' 109.5(2)
C27'-C29'-H29b' 109.5(2)
C27'-C29-H29c' 109.4(2)
H29a'-C29'-H29b' 109.5(3)
H29a'-C29-H29c' 109.5(3)
H29b'-C29'-H29c' 109.5(2)
O'-C30'-C31' 105.21(17)
O'-C30'-H30a' 111.03(18)
O'-C30'-H30b' 109.95(19)
C3 1 '-C30'-H30a' 110.9(2)
C31'-C30'-H30b' 110.23(19)
H30a'-C30'-H30b' 109.5(2)
C30'-C3r-C32' 102.20(19)
C30'-C31'-H31a' 110.8(2)
C30-C3r-H31b' 111.8(2)
C32'-C3r-H31a' 111.0(2)
C32'-C3r-H31b' 111.6(2)
H31a'-C3r-H3 lb' 109.3(2)
C3r-C32'-C33' 102.41(19)
C3r-C32'-H32a' 111.3(2)
C3r-C32'-H32b' 110.9(2)
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C33-C32-H32a
C33-C32-H32b
H32a-C32-H32b
0-C33-C32
0-C33-H33a
0-C33-H33b
C32-C33-H33a
C32-C33-H33b
H33a-C33-H33b
111.40(19)
111.16(19)
109.5(2)
105.24(16)
110.26(17)
110.50(18)
110.42(19)
110.99(18)
109.4(2)
C33-C32'-H32a' 112.1(2)
C33'-C32'-H32b' 110.5(2)
H32a'-C32'-H32b' 109.5(2)
0'-C33'-C32' 105.07(18)
0'-C33'-H33a' 110.5(2)
0'-C33-H33b' 110.4(2)
C32'-C33'-H33a' 111.3(2)
C32'-C33'-H33b' 110.0(2)
H33a'-C33'-H33b' 109.5(2)
A.4 Torsion angles and distances to the least-squares pianes
Table A.4 is a listing of all of the torsion angles in the molecule. For a four atom
segment A-B-C-D, the torsion angle is defined as the angle between AB and CD when
viewed along BC.
Table A.4 Torsion angles of complex 24e.
Cll Zr O C30
-60.02(13)
C12 Zr O C30
-149.08(16)
C13 Zr O C30 41.52(12)
Nl Zr O C30 128.00(16)
N2 Zr O C30
-9.95(13)
Cll Zr Nl C2 85.51(16)
C12 Zr Nl C2 143.32(18)
C13 Zr Nl C2
-53.76(14)
O Zr Nl C2
-135.89(19)
N2 Zr Nl C2 36.49(14)
Cll Zr N2 C4 157.22(19)
CI2 Zr N2 C4 -114.92(17)
C13 Zr N2 C4 56.63(14)
O Zr N2 C4 107.53(18)
Nl Zr N2 C4 -31.89(14)
Zr O C30 C31 147.5(2)
Zr O C33 C32 -171.7(2)
Zr Nl C2 CI 159.6(2)
C6 Nl C2 CI -13.71(16)
Zr Nl C6 C7 97.7(2)
C2 Nl C6 C7 -88.9(3)
Cll Zr O C33 95.32(14)
C12 Zr O C33 6.26(12)
C13 Zr O C33
-163.14(16)
Nl Zr O C33
-76.66(15)
N2 Zr O C33 145.39(17)
Cll Zr Nl C6
-101.49(15)
C12 Zr Nl C6
-43.68(12)
C13 Zr Nl C6 119.25(16)
O Zr Nl C6 37.12(13)
N2 Zr Nl C6 -150.50(18)
Cll Zr N2 C12 -12.58(11)
C12 Zr N2 C12 75.28(14)
C13 Zr N2 C12 -113.17(16)
O Zr N2 C12 -62.27(14)
Nl Zr N2 C12 158.31(19)
C33 O C30 C31 -12.11(16)
C30 O C33 C32 -13.83(16)
Zr Nl C2 C3 -23.05(13)
C6 Nl C2 C3 163.6(3)
Zr Nl C6 Cll -84.28(20)
C2 Nl C6 Cll 89.1(3)
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Zr N2 C4 C3
C12 N2 C4 C3
Zr N2 C12 C13
C4 N2 C12 C13 100 '^^
Nl C2 C3 C4 -19 87n
C2 C3 C4 N2
Nl C6 C7 cs 179
Cll C6 C7 CS
Nl C6 Cll CIOV—- 1 v/ 179 ?(
C7 C6 Cll no -9 89/"! 7N
C6 C7 C8 C9 9'^n7^
.yj\^i 1
)
C6 C7 CIS C19 -139 9r 3^
C8 C7 CIS C19 42 U 9^
C7 C8 C9 CIO -1 87ri7^
C9 CIO Cll C6 1 88n7^
C6 Cll C21 Oil 124 V 3^
CIO Cll C21 C22 -60 5r 9^
N2 C12 C13 C14 -178 K 4^
C17 C12 C13 C14V—- 1 r 1 07n7^
N2 C12 C17 C16 179 3^
C13 C12 C17 C16 08n7^
C12 C13 C14 C15 -1 isn7^
C12 C13 C24 C25 152 3^ 4^
C14 C13 C24 C25 -30 6r 2)
C13 C14 C15 C16 09n7^
•^-'V 1 / )
C15 C16 C17 C12 -1 20n7^
C12 C17 C27 C28 -112 2(' 3^
C16 C17 C27 C28 70.5( 3)
O C30 C31 C32 32.88(16)
C31 C32 C33 0 33.86(16)
Cll' Zr' O' C33'
-93.77(16)
C12' Zr' O' C33'
-2.25(14)
C13' Zr' O' C33' 166.95(18)
Nl' Zr' O' C33' 81.63(17)
N2' Zr' O' C33' -138.72(19)
Cir Zr' Nl' C6' 105.12(16)
C12' Zr' Nl' C6' 38.61(12)
C13' Zr' Nl' C6' -125.52(17)
O' Zr' Nl' C6' -43.04(13)
N2' Zr' Nl' C6' 144.05(19)
Cll' Zr' N2' C12' 15.43(12)
C12' Zr' N2' C12' -75.13(14)
C13' Zr' N2' C12' 113.69(16)
O' Zr' N2' C12' 59.86(14)
NT Zr' N2' C12' -159.14(19)
C33' O' C30' C3r 11.92(19)
Zr N2 C4 C5
-168.9(2)
C12 N2 C4 C5 1.51(15)
Zr N2 C12 C17 91.9(2)
C4 N2 C12 C17
-78.7(2)
CI C2 C3 C4 164.7(3)
C2 C3 C4 C5
-159.0(3)
Nl C6 C7 CIS 1.46(14)
Cll C6 C7 CIS
-176.5(3)
Nl C6 Cll C21
-5.57(15)
C7 C6 Cll C21 172.4(3)
C18 C7 CS C9 179.0(4)
C6 C7 CIS C20 96.4(3)
CS C7 CIS C20
-81.6(3)
CS C9 CIO Cll
.41(17)
C9 CIO Cll C21
-173.5(4)
C6 Cll C21 C23
-113.6(3)
CIO Cll C21 C23 61.6(2)
N2 C12 C13 C24
-1.03(14)
C17 C12 C13 C24 178.2(3)
N2 C12 C17 C27 2.01(14)
C13 C12 C17 C27
-177.2(3)
C24 C13 C14 C15
-178.3(4)
C12 C13 C24 C26
-81.7(3)
C14 C13 C24 C26 95.4(3)
C14 C15 C16 C17 1.14(17)
C15 C16 C17 C27 176.2(4)
C12 C17 C27 C29 125.5( 3)
C16 C17 C27 C29
-51.8(2)
C30 C31 C32 C33
-40.92(19)
Cir Zr' O' C30' 62.50(14)
C12' Zr' O' C30' 154.01(17)
CI3' Zr' O' C30'
-36.79(13)
Nl' Zr' O' C30' -122.10(17)
N2' Zr' O' C30' 17.54(14)
Cir Zr' Nl' C2' -75.83(15)
C12' Zr' Nl' C2' -142.34(19)
C13' Zr' Nl' C2' 53.53(14)
O' Zr' Nl' C2' 136.01(19)
N2' Zr' Nl' C2' -36.90(15)
Cir Zr' N2' C4' -154.15(19)
C12' Zr' N2' C4' 115.29(17)
C13' Zr' N2' C4' -55.89(14)
O' Zr' N2' C4' -109.72(18)
Nl' Zr' N2' C4' 31.28(14)
Zr' O' C30' C3r -148.3(3)
Zr' O' C33' C32' 172.8(3)
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C30' O' C33' C32' 14.03(19)
Zr' NT C2' C3' 23.37(14)
C6' Nl' C2' C3'
-157.5(3)
Zr' NT C6' Cir 79.98(19)
C2' NT C6' Cir
-99.1(3)
Zr' N2' C4' C5' 169.0(3)
C12' N2' C4' C5'
-.94(16)
Zr' N2' C12' CI7'
-91.8(2)
C4' N2' C12' C17' 78.4(2)
Cr C2' C3' C4'
-162.8(3)
C2' C3' C4' C5' 158.7(3)
NT C6' C7' CIS' 4.92(14)
Cir C6' C7' C18'
-177.9(3)
Nl' C6' Cir C21'
-5.44(14)
C7' C6' Cir C2r 177.4(3)
C18' C7' C8' C9'
-179.0(4)
C6' C7' C18' C20'
-107.4(3)
C8' C7' CI 8' C20' 72.1(3)
C8' C9' CIO' Cir 1.09(16)
C9' CIO' Cir C2r
-179.2(4)
C6' cir C2r C23' 85.1(3)
ClO' cir C21' C23'
-93.7(3)
N2' C12' C13' C24' 4.96(14)
C17' C12' C13' C24'
-175.7( 3)
N2' C12' C17' C27'
-4.36(15)
C13' C12' C17' C27' 176.3(4)
C24' C13' C14' C15' 177.5(4)
C12' C13' C24' C26' 91.2(3)
C14' C13' C24' C26' -85.7(3)
C14' C15' C16' C17'
-.23(17)
C15' C16' C17' C27' -176.9(4)
C12' C17' C27' C29' -122.7( 3)
C16' C17' C27' C29' 55.9(2)
C30' C3r C32' C33' 41.0( 2)
Zr' Nl' C2' Cr
-160.4(3)
C6' Nl' C2' cr 18.76(17)
Zr' Nl' C6' C7'
-102.8(2)
C2' Nl' C6' C7' 78.1(2)
Zr' N2' C4' C3'
-12.00(13)
C12' N2' C4' C3' 178.1(3)
Zr' N2' C12' C13' 87.5(2)
C4' N2' C12' C13'
-102.2(3)
Nl' C2' C3' C4' 13.76(15)
C2' C3' C4' N2'
-20.44(16)
Nl' C6' C7' C8'
-174.6(3)
Cir C6' C7' C8' 2.60(16)
Nl' C6' Cir CIO' 173.3(3)
C7' C6' Cir CIO'
-3.82(16)
C6' C7' C8' C9'
.57(16)
C6' C7' C18' C19' 129.4(3)
C8' C7' C18' C19'
-51.1(2)
C7' C8' C9' CIO'
-2.40(16)
C9' CIO' Cir C6' 1.94(16)
C6' Cir C21' C22'
-149.9(4)
CIO' Cir C2r C22' 31.30(20)
N2' C12' C13' C14'
-178.1(4)
C17' C12' C13' C14' 1.19(17)
N2' C12' C17' C16' 177.0(4)
C13' C12' C17' C16'
-2.35(17)
C12' C13' CM' C15'
.54(18)
C12' C13' C24' C25'
-143.8(4)
C14' C13' C24' C25' 39.4(2)
C13' C14' C15' C16'
-1.02(17)
C15' C16' C17' C12' 1.87(18)
CI2' C17' C27' C28' 114.8(3)
C16' C17' C27' C28'
-66.6(3)
O' C30' C31' C32' -32.82(19)
C31' C32' C33' O' -34.23(19)
153
Table A.5 Distances (A) to the least-squares planes.
Plane no. 1
Equation of the plane: 8.977(3)X - 10.156(3)Y + 7.836(3)Z =
.747(4)
Distances(A) to the plane from the atoms in the plane.
Cll
.0000(9) C12
.0000(8)
C13
.0000(7)
Distances(A) to the plane from the atoms out of the plane.
Zr
.3082(4)
Plane no. 2
Equation of the plane:
-5.758(9)X + 13.187(10)Y + 3.848(18)Z = 1 1.637(9)
Distances(A) to the plane from the atoms in the plane.
Nl
-.007(2) N2
.028(2)
C2
-.017(3) C3
.064(3)
C4 -.077(2)
Chi squared for this plane: 1749.188
Distances(A) to the plane from the atoms out of the plane.
Zr .871(3)
Plane no. 3
Equation of the plane: 3.644(12)X -h 1 1.661(1 1)Y - 15.017(6)Z= .536(12)
Distances(A) to the plane from the atoms in the plane.
154
.013(3) C7
-.001(3)
C8
-.012(3) C9
.010(3)
CIO
.004(3) Cll
-.015(3)
Chi squared for this plane: 89.720
Plane no. 4
Equation of the plane: 3.216(13)X - 1 1.606(1 1)Y + 13.291(9)Z = 2.155(18)
Distances(A) to the plane from the atoms in the plane.
C12
.003(3) C13
-.008(3)
C14
.005(3) C15
.004(3)
C16
-.008(3) C17
.004(3)
Chi squared for this plane: 25.440
Plane no. 5
Equation of the plane: 8.416(3)X + 9.556(3)Y 2.281(3)Z = 5.3168(17)
Distances(A) to the plane from the atoms in the plane.
Cll' .0000(8) C12' .0000(8)
C13' .0000(8)
Distances(A) to the plane from the atoms out of the plane.
Zr' .2892(4)
Plane no. 6
Equation of the plane: 5.446(9)X + 13.806(9)Y - 12.1 14(12)Z = 3.1 10(14)
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Distances(A) to the plane from the atoms in the plane.
Nl'
.010(2) N2'
-.031(2)
CT
.015(3) C3'
-.071(3)
C4'
.088(3)
Chi squared for this plane: 2 1 82.33
1
Distances(A) to the plane from the atoms out of the plane.
Zr'
-.868(3)
Plane no. 7
Equation of the plane:- 5.108(1 1)X + 8.526(12)Y + 10.221(12)Z = 1 1.61 15(18)
Distances(A) to the plane from the atoms in the plane.
c& .019(3) C7'
-.005(3)
C8' -.013(3) C9'
.015(3)
CIO' .001(3) cir
-.018(3)
Chi squared for this plane: 169.654
Plane no. 8
Equation of the plane: 3.248(14)X-h 10.916( 12)Y -i- 5.951 (15)Z = 10.380(7)
^
o
Distances(A) to the plane from the atoms in the plane.
C12' -.009(3) C13' .001(3)
C14' .008(3) CI 5' -.006(3)
C16' -.006(3) C17' .012(3)
Chi squared for this plane: 45.612
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Table A.6 Dihedral angle between planes A and B
A B Angle(deg) a
1 2 122 80C6)
1 4 27 65(6)
1 6 115.27(4)
1 8 85.40(6)
2 4 1 10.17(8)
2 6 70.76(8)
2 8 41.82(7)
3 5 77.32(5)
3 7 104.26(7)
4 5 84.35(5)
4 7 85.15(7)
5 6 58.35(5)
5 8 24.20(6)
6 8 67.85(8)
1
1
1
2
2
2
3
3
3
4
4
5
6
7
B Angle(deg)
3 124.08(5)
5 73.20(2)
7 100.94(5)
3 81.06(8)
5 63.23(4)
7 25.10(8)
4 151.28(8)
6 19.21(8)
8 86.46(8)
6 138.57(7)
8 85.68(8)
7 60.55(5)
7 90.66(8)
8 36.45(8)
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